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Adequate  testing  is  an  essential  step  in  the  development 
process.  Much  of  the  success  in  developing  better  weapons 
and  delivering  them  to  the  soldier  is  due  to  insistence  that 
they  survive  adequate  environmental  tests.  Designers  scream 
that  their  sophisticated  hardware  is  being  torn  up  but  testing 
continues  because  the  real  world  on  the  battlefield  is  the 
wrong  place  to  find  design  weaknesses.  Designers  should 
analyze  and  simulate  the  environments  which  their  com¬ 
ponents  will  have  to  endure  before  they  are  incorporated  into 
missile  and  rocket  systems.  Certainly  the  analysis  of  the 
response  of  these  components  to  the  shock  and  vibration 
stimuli  is  significant  to  their  survival.  Testing  in  the  US 
Army  Missile  Research  and  Development  Command 
(MIRADCOM)  laboratories,  to  the  shock  and  vibration 
criteria  which  have  been  developed  and  continuously  up¬ 
dated,  reveals  how  well  the  analysis  has  been  done.  This 
booklet  will  discuss  shock  and  vibration  from  the  Army  view¬ 
point  and  highlight  some  areas  where  improvements  in  test 
methods  would  be  especially  helpful. 

In  February  1977  the  US  Army  Missile  Command 
(.VllCO.M)  was  divided  into  two  new  commands:  the  US 
Army  .Missile  Material  Readiness  Command  (.MlRCOMl  ami 
the  US  Army  Missile  Research  and  Development  Command 
(MIRADCOM). 

MIRCOM,  the  readiness  command,  as  the  name  implies, 
has  responsibility  for  production  of  missile  and  related  hard¬ 
ware,  supplying  this  material  to  the  troops  in  the  field.  I: 
is  responsible  for  material  maintenance  until  it  is  obsolete 
and  must  be  replaced.  MIRCOM  is  commanded  by  M.A.I 
GEN  Louis  Rachmeler. 

MIRADCO.M  is  the  research  and  developmeni  side  of  the 
house  at  Redstone  and  is  responsible  for  missile  resean  h  and 
development  management,  the  Missile  Intelligence  .Agenc  v. 
and  the  in-house  laboratories.  M.AJ  GF.N  t  liarles  F.  .Means  ,s 
the  commander  of  MIRADCOM 

These  two  commands,  teamed  with  the  US  .Arniv  VUssile 
and  Munitions  Center  and  .School,  also  located  at  R‘-ds!,ii.. 
work  together  to  develop,  produte,  maintain. and  rram 
soldiers  in  the  use  of  the  weapons  necessary  for  the  modern 
army  to  defend  itself  against  outside  threats  to  the  semriiy 
of  the  United  States. 

MIRADCOM  has  the  in-house,  ••hands  on"  technical 
expertise  and  facilities.  It  supports  the  coduclion  sab  in 


lequalificaton  of  new  production  hardware,  modification  and 
improvement  of  existing  systems,  and  incorporation  of  new 
developments  into  fielded  systems.  However,  MIRADCOM 
is  primarily  involved  with  the  development  of  new  advanced 
systems. 

MIRADCOM  has  full  responsibility  for  the  development 
and  initial  procurement  of  all  tXrmy  missile  systems.  A  quick 
look  at  some  of  the  new  .systems  will  illustrate  the  challenge 
of  developing  reali.slic  shock  and  vibration  analysis  and  simu¬ 
lation  testing  of  missiles.  PERSHING  II  is  an  extremely 
ao.  urate  long-range  missile  system  currently  in  advanced 
development.  PERSHING  II  will  provide  improved  military- 
effectiveness  against  the  complete  target  spectrum,  while 
limiting  collateral  effects  to  the  military  target. 

The  accuracy  for  PERSHING  II  is  obtained  by  the  use 
of  .1  terminally  gnidotl  reentry  vehicle,  which  contains  both 
the  guidance  and  warhead.  The  (ermairal  guidance  approach 
for  PERSHING  II  uiiln^es  a  radar  area  correlation  prr>cess 
whii  1>  romptires  a  live  target  scene  from  a  scanning  radar  with 
sit. red  rcfe-ence  si-ene  of  the  target  area. 

rile  tactical  reentry  vehicle  will  use  the  current  PERSH¬ 
ING  solid  propellant  boosters  and  can  he  accommodated  by 
(iresent  PERSHING  l.\  ground  equipment  with  minor  modi¬ 
fications. 

rlie  UIPEK  system  is  a  short-range,  manportable.  anti¬ 
tank  weapon.  The  tactical  round  consists  of  a  free-flight 
in  lulie  burning  r  -cket  w  liich  is  packaged,  sealed,  and 
lra.'is!i,ir‘<  d  in  an  expendable  launcher  I  bat  also  .serves  as  the 
tactical  st-irage  container.  This  svsiein  satisfies  the  opera- 
I  itiiial  rei|inreniem  to  provide  a  higher  hit  probability,  greater 
leili.ilitv  .  longer  effev  tire  range,  anti  increased  reliability.  The 
VIPER  .veaivin  will  he  c  apalile  e,l  being  treated  as  a  round  of 
iniin  ini' ion.  will  he  ni.niitenaiiee  free,  eapable  of  long  term 
-t.ir.e;'  without  si.:iiiii(  an'  d'"irad  it eni.  and  will  be  relatively 
iiiii’c  vio.is  to  a.irlti ,1  idi'  environmenl.il  eonditi'ins. 

'i(  ■,;ei\e'-.'i  support  ro  get  s^.'steni  (GSRS)  is  envisioned 
i"  ill-  .1  n'o'hilar,  nmllitile  n  <  ki  t  latim  her  sv.slem  rtesigmal  to 
pro,i,|e  rapid,  nor.ini,  k  ar.  indireit  tire  support  against  time- 
sen.sili'.e  targel.s.  i  he  roekcl  will  lie  unguided  and  will  have  a 
high  de  ree  of  aeeiirai  \ ,  The  launr  i'.ei  loader  will  be  a  self- 
pi-opelli-d  1."  ked  vehicle  with  llie  capability  to  support 
til'll. -pie  r.icket  Ii'  iip  liers,  Tlio  fire  control  equii-nient  will 
l.'i- p.ir;  of  t  he  iau.icher  loader  vehicle  The  rock' :  pod  will 


serve  as  a  shipping  container,  a  storage  container,  as  well  as 
a  launch  pod  for  the  rocket. 

The  mission  of  GSRS  is  to  provide  field  artillery  fires  in 
general  support  of  a  division  of  corps  by  delivering  large  vol¬ 
umes  of  effective  firepower  in  a  very  short  time  against  criti¬ 
cal,  time-sensitive  targets  with  a  variety  of  warhead  options 
and  without  the  necessity  to  mass  large  numbers  of  weapons 
and  men. 

HELLFIRE  -  The  HELLFIRE  weapon  system  will  con¬ 
sist  of  the  HELLFIRE  missile  system,  laser  designators,  com¬ 
munication  network,  and  scout  and  attack  helicopters. 
Ground  designation  and  scout  helicopter  designation  provide 
the  attack  helicopter  with  a  launch-and-leave  capability. 
Fire-and-forget  missile/seeker  configurations  will  allow  target 
acquisition  and  firing  from  the  attack  helicopter  without  the 
assistance  of  any  type  of  target  designation. 

The  HELLFIRE  missile  system  will  include  a  helicopter 
launcher  missile  equipped  with  a  terminal  homing  seeker  and 
a  shaped  chafed  warhead.  The  missile  configuration  will 
have  the  capability  for  modular  seeker  replacements. 

The  HELLFIRE  modular  missile  system  is  designed  to 
defeat  hardpoint  targets  in  the  forward  battle  area  over  a 
wide  operating  envelope  of  speed,  flight  profiles,  and  attack 
scenarios. 

STINGER  —  STINGER  is  the  shoulder-fired  member  of 
the  family  of  short  range  air  defense  (SHORAO)  weapons 
protecting  the  field  army  units.  The  system  will  normally 
be  employed  to  provide  low-altitude  air  defense  for  units 
operating  near  the  forward  edge  of  the  battle  area.  The 
system  may  also  be  employed  to  provide  air  defense  for  vital 
areas  when  no  other  ground-based  air  defense  means  are  avail¬ 
able.  The  complete  STINGER  weapon  system  consists  of  the 
weapon  round,  battery  coolant  unit,  identification  friend  or 
foe,  containers,  and  support  and  training  equipment. 

The  US  ROLA.ND  is  an  all-weather,  low-altitude, 
command-to-line-of-sight  (CLOS)  air  defense  weapon  system 
designed  to  perform  the  SHORAD  mission.  Salient  features 
of  the  US  ROLAND  are  as  follows: 

1 .  A  missile  can  be  launched  at  an  attacking  aircraft 
in  a  matter  of  seconds. 

2.  Each  fire  unit  contains  10  missiles  that  can  be  fired 
during  the  course  of  a  single  mass  raid. 

3.  The  fire  unit  is  mounted  on  the  self-propelled, 
M109  tracked  vehicle. 

4.  The  surveillance  radar  can  perform  target  search 
during  fire  unit  movement. 

5.  The  fire  unit  can  halt  and  fire  at  attacking  aircraft 
within  seconds  after  target  detection  while  on  the 
move. 

6.  The  fire  unit  can  move  from  a  deployed  position 
within  .seconds  after  receiving  a  march  order. 


The  modularity  of  the  fire  unit  provides  potential  for 
usage  on  a  variety  of  platforms  in  the  future.  The  system  is 
almost  identical  to  the  European  version  of  the  system. 
Almost  all  components  will  be  fully  interchangeable.  One 
major  difference  is  the  mounting  of  the  air  defense  com¬ 
ponents  into  a  self-contained  moduK  which  can  be  removed 
from  the  vehicle. 

A  broad  spectrum  of  land  combat  and  air  defense, 
ranging  from  shoulder  fired  infantry  weapons  to  long  range 
nuclear  missiles  is  being  developed.  As  a  result,  there  are 
wide  variations  in  environmental  criteria.  These  operational 
environments  and  some  of  the  types  of  simulated  tests  used 
to  develop  and  produce  these  systems  will  be  summarized  in 
the  following  paragraphs. 

MIRADCOM  must  concern  itself  with  two  types  of 
transportation  and  handling:  the  commercial  or  logistical 
transportation  from  point  of  manufacture  to  the  final  use 
area  and  the  field  or  tactical  transportation  associated  with 
training  and  combat. 

Anyone  who  has  used  the  US  mail  or  commercial  freight 
lines  is  well  aware  of  the  problems  associated  with  this  form 
of  transportation.  Military  equipment  shipped  by  commer¬ 
cial  truck,  rail,  air,  or  ship  fares  no  better.  In  World  War  II,  it 
was  found  that  more  than  half  of  the  equipment  arrived  at 
the  scene  of  operations  in  either  a  damaged  or  unusable  con¬ 
dition  due  to  handling  and  transportation  induced  shock  and 
vibration.  All  Army  equipment  is  packaged  in  an  attempt  to 
protect  it  from  damage  by  loading,  transporting,  or  acciden¬ 
tal  dropping.  All  containers  used  for  Army  equipment  are 
designed  and  tested  to  this  anticipated  environemnt. 

For  example,  within  the  last  18  months  at  MIRADCOM, 
a  new  18,000  force-lb  shaker  and  a  high  performance  shock 
machine  were  purchased.  The  shaker  sustained  over 
$2000.00  in  damages  in  shipment  from  the  manufacturer. 

The  shock  machine  was  so  badly  damaged  in  a  train  derail¬ 
ment  that  it  was  returned  to  the  manufacturer. 

Those  who  procure  military  equipment  should  be  aware 
that  the  commercial  shipment  and  the  shock  and  vibration 
problems  associated  with  this  environment  cannot  be  over¬ 
looked. 

During  the  other  form  of  transportation  referred  to  as 
field  or  tactical  use,  the  Army  has  a  large  number  of  shock 
and  vibration  problems  to  overcome.  Some  systems  while 
still  packaged  for  commercial  transportation  nay  be  trans¬ 
ported  by  military  truck,  tracked  vehicle,  or  helicopter 
before  they  are  removed  from  their  protective  containers. 
Once  the  item  is  removed  from  its  container,  it  may  be 
mounted  to  a  helicopter,  tank,  truck,  trailer,  or  man  carried. 
Each  of  these  forms  of  field  use  has  a  unique  vibration  and 
shock  environment  that  must  be  considered  when  it  is 
designed.  Self-induced  shock  and  vibration  during  equipment 
use  can  be  severe  and  mast  not  be  discounted. 

Obviously,  each  system  fielded  by  the  Army  is  unique 
to  its  environment;  each  system  must  be  tested  differently. 
The  environment  for  a  helicopter  mounted  missile  is  different 
from  that  experienced  by  a  man  carried  weapon. 
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Some  of  the  tests  that  may  be  used  at  MIRADCOM 
to  see  that  this  toughness  is  built  in  may  be  a  series  that  starts 
with  a  design  verification  test  on  prototype  hardware  to 
make  modal  studies,  determine  dynamic  response,  and  con¬ 
duct  preflight  vibration  tests  to  ensure  basic  integrity. 

Later  in  the  development  cycle,  prequalification  tests 
may  be  conducted  to  apply  military  standard  shock  and 
vibration  tests  to  hardware  representative  of  production 
type  items  is  an  effort  to  discover  any  design  deficiencies 
prior  to  full  qualification  and  subsequent  production. 

Next,  safety  tests  are  conducted  in  which  these  items 
are  overstressed  with  shock  and  vibration  to  determine  if 
any  hazards  to  the  field  troops  exist  due  to  extreme  environ¬ 
ments.  Safety  tests  will  also  be  conducted  at  normal  vibra¬ 
tion  or  shock  levels  to  satisfy  requirements  for  a  flight  release 
on  new  designs  for  equipment  to  be  installed  on  aircraft. 

Qualification  tests  are  conducted  to  insure  that  the 
equipment  will  meet  those  environments  anticipated  in 
world-wide  development.  These  items  are  tested  in  larger 
samples  than  previous  tests  for  statistical  confidence  and  con¬ 
sist  of  a  full  sequence  of  shipping,  handling,  field,  and  opera¬ 
tional  tests. 

When  a  system  is  fielded  and  in  the  hands  of  the  combat 
troops,  continual  testing  is  still  required.  This  program  is 
called  “fly-to-buy.”  The  fly-to-buy  plan  has  been  very  suc¬ 
cessful  from  the  Army's  standpoint  in  assuring  the  Army  that 
the  hardware  bought  is  reliable,  and  maintains  the  standards 
developed  into  it.  These  tests  may  be  called  first  article  tests, 
lot  acceptance,  or  production  verification;  but  in  essence,  it 
means  that  for  each  production  lot,  a  sample  is  taken,  envi¬ 
ronmentally  treated,  and  operated.  If  these  tests  ate  success¬ 
ful,  then  the  lot  is  accepted. 

Since  weapons  undergo  this  wide  diversity  of  stimuli, 
MIRADCOM  is  confronted  with  the  difficult  problem  of 
establishing  shock  and  vibration  tests  which  are  realistic  and 
adequate  to  insure  survival  in  the  real  world.  .All  criteria  are 
important:  the  first,  because  inadequate  tests  mean  inade¬ 
quate  weapons  for  the  soldier;  the  second,  because  excessive 
requirements  drive  up  weight  and  costs. 

There  is  an  expression  “a  good  test  is  worth  a  thousand 
expert  opinions.”  It  is  not  all  that  simple  until  it  is  deter¬ 
mined  just  what  a  ‘‘good  test”  is.  A  good  test  was  once  de¬ 
fined  as  ‘‘one  which  fails  equipment  which  will  fail  in  service 
and  will  not  fail  equipment  which  is  satisfactory  for  service.” 

Many  times  project  managers  will  very  comfortably 
specify  a  procedure,  curve,  and  figure  from  a  military  stand¬ 
ard  and  then  move  on  to  what  they  think  are  more  important 
things.  The  result  is  often  a  waste  basket  full  of  parts  and  a 
frantic  cry  lor  help.  This  is  never  a  good  test.  The  solution 
is  proper  analysis  and  simulation  prior  to  testing. 

Another  important  consideration  is  how  the  vibration 
community  can  best  communicate  this  complex  and  special¬ 
ized  technology  to  managers  in  a  form  most  useful  to  them 
in  selecting  requirements  and  establishing  test  specifications. 
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The  answers  to  these  questions  should  be  an  important 
part  of  this  symposium’s  theme.  Prom  the  Army’s  stand¬ 
point  (at  MIRADCOM)  this  technology  should  be  used  ef¬ 
ficiently  so  that  it  transfers  to  cheaper,  lighter,  and  more 
reliable  equipment  in  the  field.  Of  course,  MIRADCOM 
along  with  anyone  else  in  the  development  process,  is  always 
constrained  by  the  state-of-the-art,  cost,  schedules,  and  stand¬ 
ardization.  Much  of  the  time,  aspirations  are  not  realized. 

All  that  is  accomplished  here  should  be  directed  toward 
something  constructive  whether  it  is  better  military  hard¬ 
ware,  advancing  the  state-of-the-art,  or  creating  a  better 
life  style  for  all. 

.MIRADCOM  has  an  excellent  shock  and  vibration  capa¬ 
bility  which  is  used  as  a  means  of  staying  abreast  of  what  is 
going  on  in  the  entire  shock  and  vibration  community.  The 
technology  has  been  moving  rapidly  in  the  past  few  years  and 
gatherings  like  this  symposium  are  valuable.  Close  coordina¬ 
tion  and  communication  help  to  prevent  wasting  resources 
and  resolving  problems  someone  el.se  has  already  solved. 

In  any  technical  endeavor  there  is  always  room  for  im¬ 
provement.  There  are  two  areas  that  deserve  increased  atten¬ 
tion. 

The  first  one  is  a  way  this  community  can  best  com¬ 
municate  vibration  and  shock  to  a  manager  in  a  form  more 
useful  to  him  in  developing  hardware.  There  are  military 
specifications  which  are  used  almost  universally  in  establish¬ 
ing  initial  requirements  but  may  not  always  be  applicable  to 
the  product  being  developed.  These  specifications  are  some¬ 
times  overly  severe  when  interpreted  literally  and  can  lead  to 
laboratory  failures  which  are  not  reproducible  in  the  field. 
Ueneral  specifications  have  been  used  for  many  years  at  Red¬ 
stone  with  much  success,  but  sometimes  it  is  difficult  to 
apply  a  general  standard  specification  to  a  sophbticated  de¬ 
sign  intended  for  specialized  use. 

Tests  that  have  been  proposed  to  circumvent  this  prob¬ 
lem  and  tailored  to  a  particular  system  or  subsystem  have  in 
some  cases  been  worse  due  to  the  cost  and  time  involved. 
These  tests  generally  require  extensive  facilities  such  as  multi¬ 
ple  shakers  or  computer  control  systems,  thus  few  groups  can 
perform  them.  This  really  becomes  a  problem  when  new  sub¬ 
systems  or  components  are  developed  and  need  qualifying. 
Another  disadvantage  to  tests  of  this  type  is  that  they  are  dif¬ 
ficult  to  describe  in.  and  interpret  from,  a  procurement 
document. 

A  second  challenge  is  one  of  data  exchange  and  presen¬ 
tation.  The  Army  fields  equipment  which  is  transported  by  a 
multitude  of  commercial  and  tactical  ground  and  airborne 
vehicles.  Many  government  agencies  and  contractors  have 
conducted  field  tests  on  most  of  these  vehicles  and  have  re¬ 
corded  and  analyzed  hours  and  hours  of  data.  It  would 
obviously  be  of  immense  value  to  everyone  involved  to  have 
all  of  these  data  compiled  at  one  location  and  made  available 
to  participating  members  of  the  shock  and  vibration  com¬ 
munity.  .MIRADCOM's  dynamics  people  have  received  many 
inquiric.s  from  project  managers  looking  for  such  informa¬ 
tion.  For  example,  a  project  manager  may  want  to  know  if 
he  can  install  his  system  in  a  “Y”  vehicle  without  conducting 
a  large  scale  measurement  and  test  program  even  though  the 
system  was  orginally  designed  for  the  “X”  vehicle.  Such 
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Background 

The  Waterways  Experiment  Station  (WES)  was  estab¬ 
lished  in  1929,  two  years  after  the  most  devastating  flood 
ever  to  strike  on  the  lower  reaches  of  the  Mississippi  River 
basin.  The  Waterways  Experiment  Station  is  located  in 
Vicksburg,  Mississippi,  which  is  situated  midway  between 
Memphis  and  New  Orleans.  An  aerial  view  of  the  Waterways 
Experiment  Station,  (Figure  1)  gives  some  idea  of  the  physical 
plant  located  on  600  acres  of  beautifully  wooded  areas  that 
have  been  recognized  this  past  year  as  an  arboretum  by  the 
Garden  Clubs  of  Mississippi. 


Figure  1  -  Aerial  view  of  Waterways  Experiment  Station 


The  original  technical  responsibilities  of  WES  involved 
hydraulic  engineering  with  the  physical  model  being  the 
principle  tool  for  early  investigators.  Since  then  the  technical 
mission  has  grown  and  now  includes  research  in  soils,  con¬ 
crete,  mobility,  weapons  effects  and  environmental  engineer¬ 
ing.  The  technical  missions  are  accomplished  by  six  technical 
laboratories,  (Figure  2).  The  administrative  and  supporting 
technical  staff,  i.e..  Instrumentation,  ADPC,  Shops,  etc.,  are 
also  shown.  Our  current  strength  is  about  1400  employees. 

Shock  Response  Research 

Today.  I  would  like  to  discuss  the  shock  and  vibration 
work  done  at  the  Waterways  Experiment  Station  primarily 
in  the  Weapons  Effects,  Soils  and  Pavements,  and  Hydraulics 
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Figure  2  -  Technical  missions  of  the  Waterways 
Experiment  Station 


Laboratories.  As  the  origin  of  the  Waterways  Experiment 
Station  WES  was  based  on  the  use  of  physical  models  for 
hydraulic  studies,  we  have  employed  this  tool  to  other  fields, 
coupled  with  theoretical  studies  as  well  as  complex  labora¬ 
tory  and  prototype  testing.  I  have  selected  several  projects 
that  will  serve  to  exemplify  the  shock  response  research  con¬ 
ducted. 


Dams 

North  Fork  Dam.  This  150-feet-high,  620-feet-long 
(crest  length)  arch  dam  is  located  on  the  North  Fork  River 
in  Northern  California  several  miles  upstream  from  the  site 
of  the  Auburn  Dam  now  under  construction,  (Figure  3). 

A  1/24-scale  model  dam  was  constructed  and  subjected 
to  vibratory  loads;  in  one  case,  two  mechanical  vibrators  were 
placed  on  the  crest  and  vibrated  in-and-out  of  phase  with 
each  other,  (Figure  4).  A  large  hydraulic  shaker  was  also 
used  to  excite  the  base  of  the  model  dam  for  comparison 
with  results  obtained  from  the  tests  using  vibrators  on  the 
crest.  Shaking  the  dam  at  its  base  more  nearly  represents  the 
loadings  that  might  be  induced  by  an  actual  earthquake. 
Vibration  tests  similar  to  those  on  the  model  were  conducted 
on  prototype. 


Figure  3  —  North  Fork  Dam 


Figure  4  -  Vibration  test  of  1/24  scale  model 
North  Fork  Dam 


Figure  5  —  Finite  element  model  of  perfectly  fixed  dam 
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In  addition  to  the  model  and  prototype  tests,  finite  ele¬ 
ment  calculations  were  made  for  the  case  where  the  dam  was 
considered  perfectly  fixed,  (Figure  5)  and  another  where  the 
dam  was  considered  to  be  tied  to  the  foundation  material, 
(Figure  6). 

The  mode  shapes  for  model  results  scaled  to  prototype 
compared  very  favorably,  (Figure  7).  The  finite  element  pre¬ 
diction  also  compared  favorably  with  test  results,  (Figure  8). 
Note  that  the  predictions  for  the  finite  element  code  that 
included  the  foundation  material  compared  best  with  the 
experimental  results. 

In  addition,  the  damping  factors  for  the  dam  with  the 
reservoir  full  and  empty  were  determined  as  well  as  the  par¬ 
ticipation  of  the  water  mass  in  influencing  the  natural  fre¬ 
quency  of  the  dam  for  various  modes  of  vibration. 

A  comparison  of  the  calculated  natural  frequencies, 
those  measured  on  the  prototype,  and  the  model  resuUs 
scaled  to  the  prototype,  show  excellent  agreement  and,  there¬ 
fore,  add  to  the  confidence  in  the  role  of  both  the  physical 
and  analytical  model  in  making  predictioas,  (Figure  9). 

At  a  result  of  the  near  failure  (Figure  10)  of  the  lower 
San  Fernando  Dam  during  the  San  Fernando  Earthquake  of  9 
February  1971,  the  Corps  of  Engineers  has  been  reevaluating 
its  hydraulic  fill  dams.  The  Waterways  Experiment  Station 


has  been  assisting  Districts  in  performing  seismic  analysis  of 
these  structures.  Shown  Figure  11  is  the  finite  element 
grid  of  Fort  Peck  Dam  that  was  used  in  the  computerized 
portion  of  the  dynamic  analysis  of  the  Fort  Peck  Dam. 

Controlling  the  high-velocity  flow  that  occurs  in  some 
sluiceways  in  hydraulic  structures  can  cause  flow-induced 
hydroelastic  vibrations.  These  vibrations  can  cause  sub¬ 
stantial  damage  to  even  massive  structures.  An  example  of 
such  damage  occurred  at  Libby  Dam  on  the  Kootenai  River, 
see  Figure  12.  In  this  case,  severe  cavitation  damage  occurred 
along  the  floor  and  walls  of  the  sluice  and  shock-type  noises 
came  from  the  gate,  see  Figure  13  and  14.  The  sluice  was 
repaired,  the  control  valve  was  instrumented  with  accelerom¬ 
eters  and  pressure  transducers  were  installed  in  the  sluice 
floor,  see  Figures  15  and  16.  The  test  results  showed  no  cor¬ 
relation  between  the  flow-induced  vibration  of  the  control 
gate  and  the  large  pressure  fluctuations  along  the  floor  of  the 
sluice.  Since  the  alternate  reason  for  the  large  pressure 
fluctuation  involved  the  slope  of  the  sluice  (which  causes  low 
pressures  to  exist  along  the  sluice  floor)  and  the  roughness  of 
the  floor  (which  causes  large  turbulent  fluctuations  in  the 
flow)  the  problem  was  further  studied  by  means  of  hydraulic 
model  tests,  see  Figure  17.  The  results  of  these  tests  indicate 
that  an  aerator  could  be  placed  in  the  sluice  so  as  to  eliminate 
the  cavitation  damage  in  the  sluice  and  that  the  gate  vibration 
could  be  prevented  by  limiting  the  gate  opening  or  modifying 
the  intake  roof  shape  and;  hence,  the  problem  was  solved 
through  the  use  of  a  model. 


Figure  8  —  Comparison  of  experimental  and 
analytical  normalized  mode  shapes,  reservoir 
full 


Figure  9  —  Comparison  of  natural  frequencies 


Figure  10  -  Lower  San  Fernando  Dam 
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Figure  11  -  Finite  element  dynamic  analyses.  Fort  Peck  Dam 
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Figure  12  -  Libby  Dam 


Structures 


The  shuck  and  vibration  transmissivity  characteristics 
of  the  Perimeter  Acquisition  Radar  (PAR)  building,  was 
studied  by  conducting  model  tests.  The  building  is  125  feet 
high.  194  feet  wide  at  its  base,  has  walls  that  are  6  feet  thick 
at  the  base,  and  floors  that  are  3  feet  thick,  see  Figure  18. 

.A  1  1 2-scale  model  of  the  prototype  was  constructed 
and  tested  in  the  DIAL  PACK  Kvent  (500-ton.s  of  IlK)  con- 
dm  ted  at  the  .Suffield  K.vperimcntal  Station  in  Canada,  see 
l•  ll'^lre  19.  Interface  surface  pres.sures  as  well  as  internal  ac- 
I  eleraiton  and  strain  were  measured. 

.After  the  l)l.-\L  PACK  Kvent .  tests  were  conducted  by 
ss  sieni.it II  ally  (dacing  inei  hanical  vibrators  on  the  outside 
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Figure  13  -  Damage  to  floor  and  walls  of  sluice  of 
Libby  Dam 


roof  and  wails  of  the  structure  so  that  the  entire  external  sur¬ 
face  was  mapped  and  the  signals  recorded  by  accelerometers 
located  at  fixed  locations  within  the  structure  produced 
signatures  indicating  how  energy  was  transferred  from  an  ex¬ 
ternal  location  to  an  internal  location,  (Figure  20).  This 
signature  is  called  the  transfer  function  and  relates  some  ex¬ 
ternal  location  to  an  internal  location  for  a  range  of  fre- 
quenceis.  (Figure  21 ). 

By  knowing  the  transfer  function  for  ail  the  patches 
over  the  entire  surface  of  the  structure,  it  was  possible  to  en¬ 
gulf  the  structure  with  the  actual  DIAL  PACK  airblast  load, 
apply  the  appropriate  transfer  function  and  predict  the  tran¬ 
sient  acceleration  of  particular  points  within  the  structure, 
(Figure  22). 

Comparisons  of  predicted  (using  the  transfer  functions), 
and  measured  results  of  the  DIAL  PACK  tests,  are  in  close 
agreement  thereby  giving  some  confidence  in  the  use  of  trans¬ 
fer  function.  (Figure  2.3). 

Vibration  tests  were  then  conducted  on  the  prototype; 
however,  it  was  not  prat  tical  to  map  the  entire  structure  be¬ 
cause  of  the  size  of  the  vibrator  and  the  building.  Therefore, 
by  verifying  the  principle  of  reciprocity,  it  was  also  possible 
to  map  the  walls,  (Figure  24).  First  the  vibrator  was  placed 
on  the  t(H>f  as  shown,  and  a  measurement  made  at  a  point  on 
one  of  the  floors.  Then  the  drive  point  and  measuring  point 
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Figure  15  Installation  of  pressure  transducers  in 
sluice  floor.  Libby  Ilam 
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Figure  22  -  Schematic  load  and  transmission  paths 
for  scale  model  perimeter  acquisition  radar  building 
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Figure  23  -  Predicted  and  measured  motions  on 
fifth  floor  of  model  perimeter  acciuisition  radar 
building 


Figure  24  —  Vibration  input  on  roof  of  perimeter 
acquisition  radar  building 


were  interchanged:  i.e.,  the  vibrator  was  placed  on  the  floor 
and  the  measurement  made  at  the  former  drive  point  on  the 
roof 


A  comparison  of  records  for  such  a  situation  shows  that 
reciprocity  does  exist  for  both  the  model  and  prototype, 
(Figure  25).  Thus,  the  transfer  function  could  be  obtained 
without  placing  the  vibrators  on  the  external  walls  of  the 
prototype. 

It  was  also  shown  that  the  transfer  function  for  the 
model  can  be  scaled  to  the  prototype  condition,  see  Figure 
26. 


Hv  using  these  functions,  it  was  possible  to  predict  the 
acceleration  response  within  the  prototype  structure  at 
selected  points  for  a  variety  of  external  airblast  loads. 


Equipment  Fragility 

During  the  same  timeframe  of  the  PAR  prototype  test¬ 
ing,  a  test  series  was  conducted  on  the  shock  isolation  plat¬ 
forms  of  the  complete  S.AFKGU.ARD  System.  The  areas  of 
these  rectangular  platforms  range  from  15  sq  ft  to  more  than 
3000  sq  ft,  and  the  isolated  weight  ranges  from  1400  lb  to 
284,000  lb.  Shown  in  Figure  27  is  one  of  the  typical  large 
platforms  with  the  shock  Isolators  on  the  left.  The  shock 


7 


Figure  26  -  Comparison  between  scale  model  and  prototype  perimeter 
acriuisition  radar  building  transfer  functions 


isolators  were  of  a  variety  of  types  (undamped  mechanical 
springs,  friction  damped  mechanical  springs  and  pneumatic). 

The  Waterways  Experiment  Station  developed  tech¬ 
niques  for  shock  testing  these  platforms  in-place  under  full 
operation.  The  test  consisted  of  a  high-frequency  pulse  train 
and  a  drop  test.  The  pulse  tests  were  at  threat  level  in  order 
to  test  electronic  equipment  to  high-frequency  inputs  and  the 
drop  test  was  used  to  evaluate  the  rattle  space  design  as  well 
as  the  low  frequency  of  response  of  the  cable  system. 

The  techniques  developed  were  successful  in  applying 


threat  magnitude  motion  to  the  platforms.  Under  the  throat 
ni<-lions,  none  of  the  platform-mounted  electronics  failed  to 
perform  their  function.  Wo  now  have  techniques  that  c-m  be 
used  to  lest  an  operational  weapon  system  to  the  full  threat 
loads. 

Recently,  we  fabricated  an  inertial  mass  transportable 
vibrator  that  can  be  programmed  to  provide  a  constant  force 
throughout  a  specific  frequency  range.  Forces  exceeding 
50.(K)0  pounds  can  be  achieved  through  a  limited  portion  of 
the  overall  frequency  spectrum  form  0  to  200  Hz.  The  dual 
moving  mas.ses  have  combined  weight  of  1 2,000  pounds  and 


N.**  O  I 


'..'•A.* 


H  miire  27  Simck  isolation  platforms  for 
SAKKGUARD  system 


Fiiiurc  29  Scale  model  reinforced  concrete  arch  for 
underKround  command  and  control  center 


1  .(II  be  accelerated  to  approximately  5  g.  Since  the  actuator  is 
servo  coiitrolh'd,  complex  waveforms  can  be  duplicated  in  ad¬ 
dition  to  the  more  common  sine  wave  forcing  functions.  In 
'be  inertial  m.i.ss  configuration,  the  vibrator  system  ctui  be 
used  to  excite  extremely  large  prototype  or  model  structures 
so  [bat  a  dynamic  performance  assessment  can  be  made,  see 
I'lU'jre  28.  (It  should  be  noted,  however,  that  the  actuator 
.i^eiiiblv  is  top  mounted  to  facilitate  removal  for  testing 
in  the  !  rinventional  reaction  mass  mode.  In  all  cases,  the  sys¬ 
tem  IS  hydraulically  powered  by  a  70  gpm  supercharged 
fiunip,  sup[ilied  by  approximatelv  250  amp,  440  volt,  3-phase 
"lei  trii'  power . ) 

duried  St  rui  tures 

A  model  buried  arch  for  u.se  as  a  command  and  control 
I  "liter  was  rei  "lUls  siiiijei  ted  to  the  shock  effects  detona¬ 
tion'.  siiiiiilainu',  ne.ir  misses  of  conventional  bombs.  A  view 
of  the  an  t'  betore  beinit  i  overed  with  soil  is  shown  in  Figure 
20  I  II"  lest  pl.in  Is  howii  111  Fieiire  30.  It  was  interesting 
I  •  note  that  ibe  vertic.il  .ii  i deration  across  the  entire  floor 


Figure  28  -  Transportable  vibrator  for  exciting 
large  structures 


slab  attenuated  very  slightly  and  no  noticeable  attenuation 
occurred  for  the  horizontal  acceleration  across  the  floor 
indicating  the  structure  moved  as  a  rigid  body.  Procedures 
were  developed  for  predicting  the  acceleration  levels  within 
the  structures  from  free-field  values  predicted  at  the  leading 
edge  of  the  structure.  The  close-in  charge,  21  pounds  located 
3  feet  from  the  arch,  caused  a  significant  breach,  see  Figure 
31. 


Conclusions 

In  summary,  we  have  used  physical  models,  mathemati¬ 
cal  models,  and  vibration  tests  to  determine  the  response  of 
real  systems  to  shock  and  vibratory  loads.  Such  approaches 
using  state  of  the  art  analytical  and  testing  techniques  have 
made  it  possible  to  solve  difficult  design  problems  as  well  as 
verify  the  capability  of  systems  to  function  when  subjected 
to  traasient  forces  resulting  from  earthquakes  and  turbulent 
water  flow  as  well  as  shocks  produced  by  the  detonation  of 
explosives. 
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Figure  30  —  Test  plan  for  scale  model  reinforced  concrete  arch 


TECHNICAL  INFORMATION  RESOURCES 
FOR  THE  SHOCK  AND  VIBRATION  COMMUNITY 
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Let  us  first  consider  how  information  has  come  to  be  a 
technical  discipline  over  the  past  10  years,  and  where  we  are 
in  the  state-of-the-art  in  this  field. 

In  1957,  the  International  Geophysical  year  was 
heralded  by  the  world’s  first  earth  satellite  vehicle.  Sputnik. 

It  was  the  successful  accomplishment  of  many  disciplines 
that  enabled  the  achievement  of  Sputnik  and  these,  in  turn, 
brought  about  the  information  “explosion.”  Sputnik  was 
possible  because  the  technical  parameters  necessary  to 
achieve  success  with  an  earth  satellite  vehicle  were  simultane¬ 
ously  available  to  us.  These  included:  escape  velocity 
boosters,  high  vacuum  technology,  world-wide  telemetry, 
automatic  data  processing,  techniques  for  assimilating  vast 
amounts  of  information  synoptically,  and  many  others.  This 
information  could  be  forwarded  on  line  to  a  central  control 
facility  and  a  feedback  signal  could  correct  an  off-normal 
condition.  Ever  since  this  epic  period,  information  has  been 
mushrooming  to  the  point  where  the  management  of  infor¬ 
mation  has  indeed  become  a  discipline  in  its  own  right. 

Figure  1  shows  what  has  happened  to  the  wotktorce  in 
the  United  States  and  how  it  relates  to  the  information 
domain.  You  see  that  roughly  75  percent  of  the  workforce, 
in  the  beginning  of  the  century,  was  devoted  to  agricultural 
pursuits.  This  continued  until  around  1940  when  it  began 
to  taper  off  to  the  point  where  today  only  5  percent  of  the 
Uil.  workforce  is  involved  in  agriculture.  (We  must  be  eating 
a  lot  leas.)  The  reason  for  this  dramatic  shift  is  because  we 
are  doing  a  much  better  job  in  agricultural  productivity. 

What  is  the  rest  of  the  workforce  doing?  The  industrial 
revolution  absorbed  much  of  the  nonagricultural  workforce. 
Since  the  1940s,  the  muscle-intensive  society  of  agriculture 
and  industry  has  yielded  to  a  brain-intensive  workforce.  In 
other  words  the  goods-business  society  of  pre-war  times  has 
become  a  services-business  of  post  war  times.  Seventy  per¬ 
cent  of  the  entire  U.S.  workforce  (which  is  85  million 
people)  is  now  devoted  to  services  industries,  most  of  which 
involves  information  activities. 

Figure  2  presents  the  growth  of  information  storage 
techniques  (derived  by  Dr.  Marvin  Camras  at  Illinois  Institute 
of  Technology  in  Chicago,  the  “father”  of  magnetic  record¬ 
ing).  This  shows  the  progress  of  two-dimensional  storage 
media  expressed  in  square  centimeters. 

The  top  of  this  figure  shows  the  punched  card,  with  a 
minimum  storage  capacity,  followed  by  illustrations  of 
increasing  storage.  Microfilms  are  listed  in  the  lower  right- 
hand  corner.  Think  of  microfilms  as  a  micro  storage  not 
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Figure  1  -  United  States  Workforce 


necessarily  limited  to  films.  If  you  will  scan  the  media 
mentioned  in  this  figure,  you  will  see  that  the  increasing 
“bin”  storage  is  moving  us  into  an  enormous  information 
handling  capacity. 

Figure  3  shows  a  similar  growth  rate  but  illustrates 
storage  in  the  third  dimension.  This  relates  the  maximum 
practical  limit  of  storage  capacity  to  the  DNA  molecule. 

Figure  4  shows  the  shrinking  work  week  as  a  result  of 
the  industrial  revolution.  We  see  that  from  1890  through 
1970  we  have  moved  from  a  daylight-hours  work  day  to 
something  less  than  40  hours  per  week.  This  has  been 
made  possible  because  of  the  industrialization  and  the  infor¬ 
mation  transfer  process. 

Figure  5  relates  energy  resources  to  the  same  period  of 
time  as  shown  above.  Animals  were  used  heavily  up  through 
the  1930s  as  a  primary  source  of  energy.  Human  energy 
played  a  large  part  also  in  the  early  mid<entury.  Following 
this,  however,  these  sources  have  fallen  to  a  mere  5  percent 
of  our  current  energy  use.  Electromechanical  energy  use  has 
continually  risen  to  the  point  where  it  now  accounts  for  90 
percent  of  our  current  production. 

Consider  now  the  “personal-interaction"  aspect  of  infor¬ 
mation  exhange.  The  overall  concept  illustrated  in  Figure  6 
portrays  organizational  communications  structure.  The  top 
diagram  in  this  figure  depicts  the  organizational  communica¬ 
tions  of  the  40s  and  pre-40s.  The  buss  or  the  president 
delegated  work  down  through  his  organization  -the  top- 
down-only  approach.  The  next  step  in  communications  in¬ 
volved  some  cross  talk  as  in  the  next  diagram  of  Figure  ti. 

The  bench  level  people  and  worker-bees  began  to  talk  to  (-acli 
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Figure  2  -  Gross  Area  Information  Density 


other  across  the  organization.  Then  we  developed  patterns 
involving  vertical  feedback.  Soon,  some  of  the  bosses  began 
to  listen  to  their  men.  Finally,  we  have  reached  the  stage 
where  the  top  men  talk  to  the  bench  level  men  and  vice  versa 
all  the  way  through  the  structure.  This  is  depicted  by  the 
rosette  of  arrows  (Figure  6). 

We  turn  now  (Figure  7)  to  what's  happening  in  com¬ 
munications  in  the  1974-1984  timeframe.  If  we  look  at  the 
media  such  as  telephones,  TV  sets,  radios,  two-way  trans¬ 
mitters,  cable  television,  computers  in  use,  etc.,  we  find  a 
tremendous  increase  in  10  years.  Figure  8  shows  the  increase 
in  channel  capacity  for  signal  energy  forwarding  systems.  A 
f urt  her  example  of  improvement  in  signal  carrying  capacity 
IS  given  in  the  optical  fiber  development.  These  fibers,  one- 
fifth  the  thickness  of  human  hair,  can  do  the  work  of  10,000 
ordinary  telephone  wires  or  serve  as  a  television  cable  to 
transmit  8.000  different  channels  at  the  same  time. 

The  disciplines  of  communications  and  of  computers  are 
gr.idu.div  1  liming  togclhcr  as  noted  in  this  time  line  from 
19.10  to  1980  (see  Figure  9). 

i.el's  turn  now  to  the  question  of  where  shock  and 
vibration  information  can  be  found.  Back  in  1968,  the  Presi¬ 
dent's  executive  office  had  a  committee  known  as  COSATI— 
the  Committee  on  Scientific  and  Technical  Information. 

This  committee  established  22  categories  of  technical 


disciplines  in  which  all  technical  information  could  be  sub¬ 
divided.  None  of  those  areas  referred  specifically  to  shock 
and  vibration.  The  categories  were  much  more  general  like 
engineering,  physical  science,  computer  science,  etc.  If 
papers  indexed  under  these  22  COSATI  categories  were 
actually  on  the  subject  of  shock  and  vibration,  then  the 
burden  is  on  the  inquirer  to  know  the  broader  COSATI  index 
term  under  which  they  are  filed.  This  can  be  frustrating  to 
the  inquirer  because  he  may  not  know  the  terms  which  are  in 
the  file  which  are  related  to  his  subject  field. 

Let  me  now  turn  to  the  subject  of  journals  and  their 
growth  since  1960.  If  one  depends  upon  text  books  for 
technical  information,  he  is  resigned  to  information  which  is 
3  to  5  years  old  because  it  takes  liial  long  to  get  books  into 
print.  Text  books  are  only  useful  loi  liu-  layman  or  neo¬ 
phyte.  Those  who  work  at  the  forefront  of  technology  can¬ 
not  seek  current  information  from  text  books  but  instead 
must  look  for  state-of-the-art  information  from  the  journal 
literature  and  in  conference  proceedings.  There  are  about 
35,000  technical  journals  currently  being  printed.  That  is 
a  sizable  information  resource  available  for  reference  when 
we  are  seeking  specific  information.  The  costs  of  generating 
this  information,  storing,  packaging,  retrieving,  and  accessing 
it  are  continuing  to  concern  us.  Look  particularly  at  the  cost 
rise  from  1974  through  1980  (see  Figure  10).  Look  also  at 
what  is  happening  in  the  computer  storage  area  in  terms  of 
cost.  Fortunately,  it  is  continually  diminishing  and  at  the 
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Figure  7  —  Communications  in  1974-1984  Timeframe 
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Figure  9  -  Communications  and  Computer  Technologies 
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Figure  10  —  Estimated  Total  Cost  of  Assimilation 
of  Scientific  and  Technical  Literature 


Western  Germany,  U.K.,  France,  and  the  Netherlands-are 
actively  using  computers.  These  same  six  countries  (in  that 
order)  generate  most  of  the  world’s  technical  information. 
Further  evidence  of  the  growing  proliferation  of  computers 
is  that  they  are  being  netted  together  to  further  extend  their 
usefulness.  This  is  a  map  (Figure  12)  of  the  U.S.  which 
depicts  the  Defense  Department  ARPANET  being  managed 
by  the  Defense  Communications  Agency  and  enabling 
computers  to  “talk”  to  other  computers  with  wide 
separation. 


Now,  I  would  like  to  move  to  the  subject  of  centrally 


storing  and  retrieving  information  generated  by  DOD  and 
their  contractors. 


The  Defense  Documentation  Center  (DDC)  (a  part  of 
Defense  Logistics  Agency)  Ls  .is  a  central  repository  of  techni¬ 
cal  reports  (except  special  classified)  generated  under  DOD 
sponsorship.  The  DDC  maintains  four  “information”  banks. 
The  DD  Form  1634  bank  maintains  the  information  of  the 
future  program  plan  of  the  work  that  has  not  yet  been  under¬ 
taken.  A  second  information  bank  is  the  work  unit  data  or 
the  DD  Form  1498.  This  is  information  on  what  is  currently 
being  done  or  on-going  DOD-sponsored  R&D.  A  third  infor¬ 
mation  bank  is  the  technical  reports  and  this  contains  all  final 
reports  on  DOD-sponsored  R&D.  The  fourth  information 
bank  is  the  Independent  Research  and  Development  (IR&D) 
information.  If  you  want  to  know  about  anything  in  any  of 
these  banks  that  relates  to  shock  and  vibration,  you  should 
be  able  to  get  it  by  using  the  keywords  "shock  and/or  vibra¬ 
tion”  (or  closely  related  words)  in  your  input  inquiry. 

There  are  several  commercial  data  banks  which  serve  as 
repositories  of  information  in  scientific,  medical,  legal,  en¬ 
gineering,  demographic,  actuarial,  etc.,  fields.  These  service 
organizations  usually  supply  bibliographies  or  abstracts  as 
their  output  but  the  day  is  fast  approaching  when  we  will 
be  able  to  get  full  text  from  these  information  banks. 


One  point  worth  emphasizing  is  how  you  can  learn 
about  universities  leading  the  field  of  shock  and  vibration 
(or  any  other  topic).  At  least  one  of  the  commercial  data 
banks  maintains  a  file  on  Doctoral  Dissertations.  If  you 
query  that  file  over  a  period  of  time  for  doctoral  work  re¬ 
lating  to  shock  and  vibration,  you  will  soon  learn  the  most 
active  universities  in  this  field.  You  then  only  need  to  con¬ 
tact  that  univerFity  and  ask  to  be  put  on  their  mailing  list 
for  their  technieal  reports  distribution. 


Certainly,  mention  should  be  made  of  the  information 
analysis  centers.  The  Federal  Government  sponsors  122  of 
these  centers  of  which  21  are  in  the  Department  of  Defense. 
These  are  centers  of  excellence  in  specialized  subjects  and  are 
maintained  by  experts  who  reformat  assorted  published  liter¬ 
ature,  abstract,  index,  publish,  alert,  and  distribute  informa¬ 
tion,  as  well  as  answer  specific  questions  and  or  solve  prob¬ 
lems  in  the  subject  of  their  speciality.  Fees  may  ho  charged 
for  the  services  rendered  but  much  of  their  service  is  without 
charge. 
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WORLDCOMPUTER  POPULATION 


NUMBER  OP  COMPUTERS  PER 
MltLiON  INHABITANTS  (1970) 

MORLD 

UNITED  STATES  . 

CANADA  r  "  7! 

WEST  GERMANY  777“  '  "  _!  ' 

UNITED  KINGDOM  J 

FRANCE  !  1  RE 

NETHERLANDS  Ti  M 

SCANDINAVIA  "  IfiQ 

JAPAN 

ITALY  3  50 

EAST  GERMANY  330 

U.SS.R.  1 23 

CZECHOSLOVAKIA  1 13 
POLAND  1 12 

YUGOSLAVIA  Ib 

ROMANIA  2 


TOTAL  NUMBER 
OF  COMPUTERS 


REGIONAL  COMPUTER 
POPULATION 

UNITED  STATES  61 

WESTERN  EUROPE  2* 

U^.S.fl.  • 

EASTERN  EUROPE  1 

OTHER  i; 

WORLD  TOTAL  1« 


Figure  11  -  World  Computer  Population 


ARPANET  GEOGRAPHIC  MAP,  SEPTEMBER  1977 
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Another  resource  for  shock  and  vibration  information  is 
the  Smithsonian  Science  Information  Exchange  (SSIE), 
Washington,  D.C.  They  collect  “who's  doing  what"  informa¬ 
tion  from  federal  agencies,  contractors,  state  and  local 
governments,  non-profit  institutions,  associations,  founda¬ 
tions,  and  universities.  The  problem  they  have  with  main¬ 
taining  a  complete  data  file  is  that  input  to  their  service  is 
voluntary.  Ongoing  work  may  not  be  in  their  file  simply  be¬ 
cause  the  organization  doing  the  work  did  not  input  the 
information. 

A  particularly  notable  commercial  resource  for  litera¬ 
ture  information  is  the  Institute  for  Scientific  Information 
in  Philadelphia.  They  provide  a  number  of  services  associated 
with  optimizing  the  access  to  the  literature.  For  example, 
their  “citation  index”  will  provide  you  with  reference  to 
every  journal  article  which  mentions  a  given  author.  They 
also  provide  “contents”  pages  of  all  scientific  publications 
plus  another  service  provides  an  original  copy  of  any  article 
you  request  from  a  journal  pubUcation.  They  offer  many 
other  valuable  services. 

The  Ohio  College  Library  Center  (OCLC)  can  provide 
extensive  services  to  the  shock  and  vibration  community. 
They  have  a  network  of  (now)  over  a  thousand  libraries  who 
are  linked  to  their  computer.  This  means  that  references  to 
the  collections  of  each  of  these  libraries  can  be  shared. 
Further,  the  cataloging  for  all  1,000  of  these  libraries’ 


collections  can  be  centrally  accomplished  (by  automatic 
data  processing). 

Another  good  resource  for  informaton  can  be  found 
in  the  Gale  Research  Company  publications.  For  example, 
they  publish  an  encyclopedia  of  associations  that  list  over 
13,0()0  and  briefly  describe  their  functions.  Of  these,  at  least 
10  percent  relate  to  science  and  technology  which  may 
concern  the  military  and  of  these  probably  half  or  about  500 
relate  to  shock  and  vibration.  If  we  look  into  these  500  as¬ 
sociations,  we  can  probably  learn  much  more  of  what  is  going 
on  than  was  revealed  by  the  previously  mentioned  sources. 

Many  new  technologies  are  coming  along  which  will 
significantly  improve  the  information  access  and  transfer 
process.  These  include  displays,  direct  computer  information 
input,  computer  output  microform,  information  networking, 
computer  composition  and  formatting,  automated  selective 
dissemination  of  information,  portable  microform  devices, 
etc.  This  just  indicates  a  very  few.  The  important  thing  is 
that  much  is  being  done  to  store,  forward,  access,  reformat, 
and  issue  information.  The  day  is  rapidly  coming  when  the 
information  user  will  need  only  to  describe  his  requirement 
or  ask  the  question  and  he  will  be  overwhelmed  with  infor¬ 
mation  from  which  he  may  select  his  best  answer.  Think  of 
what  an  improvement  that  will  afford  in  time,  accuracy, 
validity,  and  alternatives,  when  we  can  do  so  much  more  than 
supply  books;  but  can  supply  information. 
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EARTHQUAKES:  THEIR  CAUSES  AND  EFFECTS 


Dr.  Robert  M.  Hamilton 
Chief,  Office  of  Eluthquake  Studies 
U.S.  Geolocical  Survey 


During  the  1950’s,  our  understanding  of  the  nature  of 
the  Earth’s  topography  expanded  greatly.  One  of  the  major 
findings  was  that  the  floor  of  the  ocean  is  not  a  smooth 
plain— it  has  great  topographic  relief.  In  fact,  the  relief  of  the 
ocean  basins  is  greater  than  that  of  the  continents.  The 
floors  of  the  oceans  are  lined  with  ridges  and  mountain 
ranges,  one  of  the  most  prominent  being  the  midoceanic 
ridge  of  the  Atlantic  Ocean.  Down  the  axis  of  this  hCd- 
Atlantk  Ridge  is  a  valley;  the  ridge  also  contains  many  off¬ 
sets. 

One  of  the  other  m^or  findings  of  the  19S0’s  and  early 
1960’s,  which  grew  partly  out  of  the  effort  to  tell  the  dif¬ 
ference  between  earthquakes  and  underground  nuclear  explo¬ 
sions,  was  that  the  world’s  seismicity  is  very  tightly  con¬ 
centrated  in  certain  zones.  Starting  in  Iceland,  one  of  the 
zones  runs  down  the  middle  of  the  Atlantic  Ocean,  almost 
equidistant  from  the  continents  on  either  side.  When  plotted 
on  a  bathymetric  map,  this  line  of  epicenters  is  coincident 
with  the  axial  canyon  of  the  Mid-Atlantic  Ridge.  Further, 
offsets  in  the  line  of  epicenters  correspond  closely  to  offsets 
in  the  Mid-Atlantic  Ridge. 

I  will  discuss  the  seismicity  in  other  parts  of  the  world 
later,  but  for  now,  let  me  note  that  the  seismicity  on  con¬ 
tinental  boundaries,  for  example  along  the  western  coast  of 
South  America,  increases  in  depth  from  near  surface  at  the 
coast  to  more  than  600  km  inland. 

The  ocean  ridge  system  continues  into  the  Pacific, 
where  it  is  not  as  well  defined.  The  ridge  system  in  the  east¬ 
ern  Pacific  Ocean  is  referred  to  as  the  East  Pacific  Riae.  It 
extends  through  the  Gulf  of  California. 

The  ocean  basins  also  have  deep  trenches,  located  along 
the  island  arcs.  The  trench  along  the  Aleutian  arc  and  the 
trenches  along  the  western  margin  of  the  Pacific  Ocean  are 
examples.  These  trenches  are  closely  related  to  the  zones  of 
inclined  seismicity. 

Another  essential  piece  of  information  derived  during 
the  1960’s  has  to  do  with  the  magnetization  of  rocks.  When 
a  magnetometer  is  towed  behind  a  ship,  sometimes  the  orien¬ 
tation  of  the  magnetic  field  is  in  a  normal  direction— that  ia, 
the  sensor  will  line  up  in  the  direction  of  the  Earth’s  present 
magnetic  field— but  sometimes  it  is  reversed.  Through  exten¬ 
sive  surveys,  bands  of  normal  and  reverse  magnetization  of 
the  ocean  floor  were  discovered;  these  bands  are  approxi¬ 
mately  parallel  to  the  ridge  system. 

Piecing  these  clues  together,  scientists  derived  a  new 
understanding  of  the  Earth.  The  new  concept  has  various 


names:  plate  tectonics,  continental  drift,  and  sea-floor 
spreading.  According  to  this  new  concept,  the  outer  shell  of 
the  Earth,  the  lithosphere,  is  able  to  move  laterally  at  rates 
on  the  order  of  10  cm  a  year.  Previously,  most  of  the  crustal 
movement  was  thought  to  be  vertical.  In  this  new  view,  the 
inner  part  of  the  Earth,  below  100  km  and  down  to  a  few 
hundred  km,  is  in  a  near-molten  state,  not  actually  liquid. 
Magma  rises  from  this  zone  along  the  midocean  ridges,  which 
are  areas  of  separation  of  the  Earth’s  crust.  The  magma  is 
intruded  into  the  outer  shell  of  the  Earth  or  extruded  to 
form  islands  like  Iceland  and  the  Azores  as  it  cools.  In  this 
manner,  new  crust,  the  outer  shell  of  the  Earth,  is  formed. 

As  the  material  cools,  it  acquires  the  orientation  of  the 
Earth’s  magnetic  field  at  the  time.  The  rocks  that  are  cooling 
today,  therefore,  are  acquiring  what  we  call  the  normal  orien¬ 
tation  of  the  Earth’s  magnetic  field;  those  that  cooled  mil¬ 
lions  of  years  ago  would  have  acquired  a  different  direction. 
As  the  crustal  rocks  cool  and  move  away  from  the  midocean 
ridge,  in  effect,  they  constitute  a  tape  recording  of  the  mag¬ 
netic  history  of  the  Earth. 

Because  the  Earth  has  essentially  a  fixed  circumference, 
if  new  crust  is  being  formed  along  the  ocean  ridge  and  mov¬ 
ing  out— and  this  is  happening  worldwide  along  all  the  mid¬ 
ocean  ridge  systems— obviously  something  has  to  give,  and  in 
places,  the  plates  collide.  One  such  place  is  the  coast  of 
South  America.  When  this  happens,  one  plate  either  gravita¬ 
tionally  sinks  or  is  forced  down  into  the  interior  of  the 
Earth.  The  zones  of  collision  are  places  of  high  stress,  so 
earthquakes  result.  As  a  plate  plunges  into  the  Earth's  in¬ 
terior,  it  melts,  and  the  lighter  fractions  of  the  melt  rise. 

Some  of  the  melt  is  extruded  onto  the  surface  of  the  Earth  to 
form  volcanoes,  which  is  why  lines  of  volcanoes  often  parallel 
the  trenches  and  zones  of  seismicity.  It  is  also  why  the  cir¬ 
cumference  of  the  Pacific  Ocean  is  often  referred  to  as  “the 
ring  of  fire.’’ 

In  summary,  the  vast  majority  of  earthquakes  take  place 
where  plates  collide,  where  plates  are  formed  and  move  apart, 
and  where  plates  slip  past  each  other.  The  understanding  of 
the  Earth  known  as  plate  tectonics  certainly  represents  a 
major  intellectual  achievement.  We  now  understand  the 
movements  of  the  outer  shell  of  the  Earth  over  about  the  last 
200  million  years.  We  know  that  the  rocks  on  the  floor  of 
the  ocean  along  the  East  Pacific  Rise  are  newborn:  they  are 
still  being  created  today.  Because  they  are  farther  from  the 
ridge,  rocks  of  the  northwest  Pacific  Ocean  are  more  than 
160  million  years  old.  In  effect,  we  have  a  histon.'  of  the 
Earth’s  movement  over  this  period  as  recorded  in  the  rocks. 

One  of  the  major  boundaries  between  the  plates  lies 
along  the  west  coast  of  North  America.  The  San  .Andreas 


fault  in  California  is  part  of  this  boundary,  along  which  the 
Pacific  plate  moves  northwest  toward  the  Aleutian  Islands 
relative  to  North  America.  The  rate  of  movement  is  about  6 
cm  a  year.  This  movement  can  be  measured  by  surveying  or 
by  wires  stretched  across  the  fault.  Los  Angeles  is  moving 
closer  to  San  Francisco  at  the  rate  of  several  centimeters  a 
year,  and  in  about  10  million  years  it  will  be  a  suburb  of  San 
Francisco.  1  recently  spoke  to  the  Commonwealth  Club  in 
San  Francisco  and  mentioned  this.  They  were  shocked  to 
learn  that  Los  Angeles  was  coming  their  way,  but  I  assured 
them  that  if  they  only  waited  50  million  years,  Los  Angeles 
will  have  passed  them  by  and  will  have  anived  at  the  south¬ 
ern  coast  of  Alaska.  There  it  will  be  carried  into  the  interior 
of  the  Earth  and  melted  down  to  appear  again  in  a  future 
volcanic  eruption. 

California  is  not  the  only  State  in  the  United  States  that 
is  prone  to  earthquakes.  The  area  of  greatest  seismicity  is  the 
Aleutian  Islands.  Much  of  the  Eastern  United  States  has  ex¬ 
perienced  earthquakes  in  the  past.  Southeastern  Missouri 
experienced  three  very  strong  earthquakes  in  1811  and 
1812.  Strong  earthquakes  took  place  near  Boston,  Mas¬ 
sachusetts,  in  the  Cape  Ann  area  in  1755;  in  Charleston, 
South  Carolina,  in  1886;  and  in  the  St.  Lawrence  River 
Valley  on  the  Canadian  border. 

People  often  wonder  why  the  Eastern  United  States 
should  be  considered  to  have  high  seismic  risk  when  admit¬ 
tedly,  this  area  has  a  relatively  low  rate  of  earthquake  oc¬ 
currence.  One  factor  is  that  the  crust  of  the  Earth  in  the 
Eastern  United  States  is  older.  Consequently,  it  transmits 
seismic  waves  much  more  efficiently.  Also,  in  the  East,  a 
larger  percentage  of  the  houses  are  of  unreinforced  masonry 
construction,  whereas  in  the  West,  wooden  frame  structures, 
which  resist  earthquakes  well,  are  more  common.  An  argu¬ 
ment,  therefore,  can  be  made  that  the  earthquake  threat  to 
the  Eastern  United  States  is  much  higher  than  one  would 
expect  from  the  history  of  the  rate  of  earthquake  occurrence. 

Now  let  us  turn  away  from  the  causes  of  earthquakes 
and  consider  the  topic  of  earthquake  prediction,  in  which 
significant  advances  have  been  made  in  recent  years.  The 
Chinese  in  February  1975  successfully  predicted  a  large 
earthquake  near  the  city  of  Haicheng  in  northeast  China. 
Almost  certainly,  tens  of  thousands  of  lives  were  saved  as  a 
result.  A  demonstration  that  the  Chinese  have  not  com¬ 
pletely  solved  the  prediction  problem,  however,  is  shown  by 
the  earthquake  in  July  1976,  at  Tangshan,  where  reportedly 
more  than  600,000  people  were  killed.  That  quake  was  not 
predicted. 

.A  variety  of  phenomena  are  monitored  in  the  search  for 
earthquake  precursors: 

•  land  deformation 

•  seismicity 

•  electrical  resistivity 

•  magnetic  field 

•  gravity 

•  strain 

•  fault  slippage 

•  water  level  or  pressure  in  wells 

•  geochemical  properties  of  ground  water 

•  animal  behavior 


The  conclusion  from  this  monitoring  is  that  earthquakes 
do  have  precursors.  Observations  have  been  sufficient  in  re¬ 
cent  years  and  throughout  history  to  provide  convincing 
evidence  that  anomalous  changes  do  indeed  take  place  before 
an  earthquake  begins.  The  major  uncertainty  now  is  whether 
precursors  ate  regular  enough  in  nature  to  provide  a  reliable 
basis  for  earthquake  prediction. 

On  October  7,  1977,  the  President  signed  the  Earth¬ 
quake  Hazards  Reduction  Act  of  1977,  providing  for  a  major 
expansion  in  earthquake  studies.  Part  of  that  program  will  be 
an  intensive  effort  to  try  to  record  earthquake  precursors  and 
to  develop  an  earthquake-prediction  system.  As  yet,  we 
cannot  assert  that  a  prediction  system  capable  of  providing 
useful  warnings  can  be  achieved,  but  many  people  believe 
that  this  can  be  done. 

As  a  part  of  the  earthquake-prediction  program,  we  are 
currently  focusing  attention  on  a  land  uplift  in  southern  Cali¬ 
fornia.  In  December  1975  we  found  out  that  the  land  in  the 
area  north  and  east  of  Los  Angeles  had  risen  by  as  much  as 
45  cm  (about  a  foot  and  a  half)  in  the  period  1959  to  1974. 
This  rise  was  a  basis  for  concern  because  sometimes  such  an 
uplift  precedes  earthquakes,  as  in  the  1964  earthquake  in 
Niigata,  Japan.  We  also  know  that  land  uplifts  have  taken 
place  that  have  not  been  followed  by  earthquakes. 

The  southern  California  area  is  of  particular  concern  to 
us  because  the  last  break  in  the  section  of  the  San  Andreas 
fault  from  San  Bernardino  north  was  in  1857,  that  is,  120 
years  ago.  There  should  be  high  stress  in  that  area  now, 
which  could  produce  a  magnitude-8  earthquake.  Another 
basis  for  concern  is  that  in  the  70  years  before  the  1906  San 
Francisco  earthquake,  a  half  dozen  major  earthquakes  took 
place  in  the  northern  California  region,  which  indicated  that 
stresses  had  built  up  to  the  level  where  the  crust  started  to 
fail;  in  the  70  years  after  1906,  no  such  earthquakes  took 
place.  In  southern  California,  a  long  period  with  few  earth¬ 
quakes  followed  the  1857  earthquake.  Then  the  Kern 
County  earthquake  took  place  in  1952,  and  the  San 
Fernando  earthquake,  in  1970;  these  earthquakes  could  be 
indicative  of  a  buildup  of  stress. 

This  situation  in  the  region  of  the  uplift  is  very  com¬ 
plicated,  and  we  cannot  pretend  to  know  everything  that  is 
going  on.  At  this  stage,  we  have  no  evidence  that  a  major 
earthquake  is  imminent. 

My  final  topic  is  earthquake  control,  one  of  the  more 
exciting  aspects  of  earthquake  studies.  In  the  early 
1960's,  Denver  began  to  have  earthquakes.  Denver  had 
never  had  any  significant  earthquake  activity  in  the  past.  A 
consulting  geologist  in  the  area,  Mr.  David  Evans,  said  that 
the  earthquakes  were  being  caused  by  a  well  at  the  Rocky 
Mountain  Arsenal  near  Denver  where  waste  water  was  being 
pumped  into  the  ground.  The  initial  reaction  was  disbelief, 
but  later,  this  explanation  was  found  to  be  almost  certainly 
correct.  The  convincing  evidence  was  a  close  correlation  be¬ 
tween  the  rate  of  water  injection  and  the  rate  of  earthquake 
occurrence. 

After  this  realization,  efforts  were  made  to  find  another 
such  situation,  which  was  discovered  at  Rangely  oil  field  in 
northwestern  Colorado.  That  oil  field  is  a  classic  anticlinal 
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structure.  The  field  is  undergoing  secondary  recovery  involv¬ 
ing  water  flooding.  The  water  pressure  is  high  around  the 
perimeter  of  the  field  and  low  in  the  middle.  Earthquakes 
were  taking  place  where  a  fault  intersected  the  zone  of  high 
fluid  pressure.  We  obtained  access  to  four  wells  in  the  area 
and  undertook  an  experiment  to  try  to  turn  off  the  earth¬ 
quake  activity,  to  turn  it  back  on  again,  and  then  to  turn  it 
off.  This  was  successfully  done. 


The  understanding  that  has  come  out  of  this  work  is 
fundamental  in  understanding  the  nature  of  earthquakes. 
When  rock  is  under  stress,  the  main  reason  that  a  fault  in  the 
rock  does  not  slip  is  because  the  frictional  strength  of  the 
rock  in  the  fault  zone  is  greater  than  the  stress  on  the  fault. 
As  fluid  is  injected  into  a  fault,  it  changes  the  effective  stress 
on  the  fault.  The  fluid  is  not  exactly  a  lubricant,  but  it  re¬ 
duces  the  frictional  strength  of  the  rock  in  the  fault  zone, 
permitting  slip  to  take  place. 


PANEL  SESSIONS 


SOFTWARE  EVALUATION 


Moderator:  Dr.  J.  Gordan  Showalter 

Shock  and  Vibration  Information  Center,  Washington,  D.C. 

Panelists:  Dr.  Robert  Nickell,  Pacifica  Technology,  Del  Mar,  CA 

Dr.  Walter  Pilkey,  Univeiuty  of  Virginia,  Charlottesville,  VA 
Mr.  E J.  Kolb,  Headquarters,  UjS.  Army  Development  and 
Readiness  Command,  Alexandria,  VA 


Mr.  Showalter:  This  panel  is  composed  of  members  of 
the  Interagency  Software  Evaluation  Group  (ISEG).  Dr. 
Penone,  who  is  the  chairman  of  this  group  and  who  was 
instrumental  in  setting  up  the  Interagency  Software  Evalua¬ 
tion  Group  (ISEG)  was  not  able  to  attend  this  panel  session 
which  is  a  progress  report  on  the  activities  of  this  group  over 
the  last  few  months.  One  does  not  like  to  work  in  a  vacuum 
too  long  and  this  session  is  an  attempt  to  get  feedback  from 
the  users  of  computer  programs,  which  probably  includes 
most  of  the  audience.  We  intend  to  outline  how  ISEG  pro¬ 
poses  to  have  software  evaluated  and  we  want  your  reactions 
to  these  proposals.  If  someone  has  any  criticisms  of  the  way 
we  in  ISEG  are  going  about  setting  up  this  evaluation  proce¬ 
dure  or  if  we  are  not  doing  something  we  should  be  doing 
then  hopefully  this  will  be  brought  out  in  this  panel  discus¬ 
sion.  We  want  comments  on  a  proposed  list  of  structural 
mechanics  computer  programs  which  are  under  consideration 
for  evaluation.  We  also  want  to  get  your  feelings  on  how  you 
would  like  to  see  computer  programs  evaluated;  if  at  all. 

Mr.  Nickell,  (Pacifica  Technology):  I  don't  think  I  have 
to  dwell  on  the  need  for  some  kind  of  focusing  of  effort  in 
the  software  area.  For  those  of  you  who  are  either  analysts 
working  with  programs  that  use  analytical  techniques  or 
those  of  you  who  are  managing  programs  where  analytical 
techniques  are  a  strong  component  of  the  problem,  I  charac¬ 
terize  the  problem  emotionally  with  a  couple  of  key  words. 
For  the  managers  I  think  the  key  word  is  uncertainty.  First, 
you  are  uncertain  whether  you  will  get  any  results  and 
second  whether  the  results  will  be  meaningful.  For  the 
analyst  I  think  the  key  word  is  a  combination  of  frustration 
and  exhilaration  before  you  plunge  back  into  the  depths  of 
frustration  again  on  your  next  project.  Emotional  descrip¬ 
tions  however  don’t  get  us  very  far.  We  seek  a  rational  ap¬ 
proach  to  the  problem. 

People  have  developed  a  kind  of  a  rational  approach  to 
the  software  problem  over  the  last  10  years  by  focusing  on 
those  things  that  they  could  actually  touch.  The  key  word 
here  is  focus;  everyone  is  trying  to  bring  the  problem  into 
focus  so  they  can  discem  the  grain  of  what  is  going  on.  The 
first  efforts  that  took  place  were  what  might  be  called  infor¬ 
mation  gathering.  If  we  have  a  problem  let  us  gather  data 
and  find  out  how  big  the  problem  is,  what  the  shape  of  it  is. 


or  how  it  tastes,  smells  and  feels.  This  resulted  in  a  number 
of  surveys  that  were  conducted  by  a  few  Federal  Agencies 
and  Professional  Societies  that  were  aimed  at  producing  this 
kind  of  data.  One  of  our  panel  members  who  could  not 
attend  today.  Dr.  Michael  Gaus  from  the  National  Science 
Foundation,  was  responsible  for  funding  at  least  two  of  these 
surveys  which  were  designed  to  examine  the  attitudes  of  the 
users,  the  attitudes  of  the  managers,  and  the  extent  to  which 
software  is  documented,  used  and  transmitted.  So,  the  infor¬ 
mation  has  been  gathered  to  some  extent. 

The  next  step  to  bring  the  problem  into  focus  is  to 
transmit  the  information  that  we  have  to  the  people  without 
any  information.  I  believe  that  part  is  abo  under  control; 
each  agency  has  their  own  approach  to  that  problem.  The 
Energy  Research  and  Development  Administration,  now  the 
Department  of  Energy,  has  the  Argonne  Code  Center  in 
Argonne,  Illinois,  the  National  Aeronautics  and  Space  Ad¬ 
ministration  (NASA)  has  the  Computer  Software  Manage¬ 
ment  Information  Center  (COSMIC)  at  the  University  of 
Georgia,  The  National  Science  Foundation  (NSF)  has  their 
NICE  center,  and  finally  there  is  the  NISEE  group  at 
Berkeley,  California  that  serves  the  earthquake  engineering 
community.  You  also  have  a  series  of  efforts  by  the  Navy 
through  the  Office  of  Naval  Research  (ONR)  and  some  of  the 
Navy  Laboratories;  Symposia  organized  to  describe  the 
characteristics  of  software  and  determine  how  much  it  is 
being  used.  These  Navy  efforts  have  culminated  in  a  Soft¬ 
ware  Series  that  Walt  Pilkey  will  describe  to  some  extent.  So 
the  problem  is  in  focus  to  that  degree. 

Now  we  are  ready  to  take  the  next  step  and  this  step 
will  be  quite  tentative;  this  is  one  reason  why  we  organized 
this  panel  session.  This  is  an  attempt  to  use  the  Federal 
“Sunshine  Laws’’,  all  of  these  smoke  filled  rooms  ate  begin¬ 
ning  to  fill  us  up  with  unhealthy  atmospheres.  We  are  now 
ready  to  tell  you  what  we  have  been  thinking  about  for  the 
past  6  months  and  we  are  ready  to  hear  what  you  have  to 
say. 

I  will  describe  out  current  concept  of  this  ISEG  effort. 
We  don’t  intend  that  it  will  be  the  limiting  point  for  the 
focusing  of  effort.  There  are  a  number  of  Federal  Agencies 
who  have  taken  the  problem  essentially  to  its  ultimate  and 


who  have  established  software  centers,  where  there  is  common 
control  of  software  and  where  there  is  a  place  where  people 
can  use  the  best  software  that  is  available  in  a  particular 
field.  The  prime  example  of  that  is  in  the  area  of  Magnetic- 
fusion  research,  the  former  Energy-  Research  and  Develop¬ 
ment  Administration  through  their  division  of  physical  re¬ 
search  has  created  the  center  at  the  Lawrence  Livermore 
Laboratory,  where  all  of  the  controlled  fusion  research- 
calculations  were  supposed  to  be  performed.  They  bought  a 
4th  generation  computer  and  began  to  set  up  ail  of  the  soft¬ 
ware  they  thought  was  the  best  in  the  land.  Of  course  one  of 
the  first  things  which  happened  was  that  two  of  the  largest 
components  of  the  controlled  thermonuclear  fusion  research 
program  pulled  out,  namely  the  laser  and  the  electron  beam 
people  so  now  it  is  called  the  Magnetic  Fusion  Research 
Group.  Parochialism  is  our  constant  enemy  in  this  problem. 
We  do  not  intend  to  do  that  we  are  talking  about  the  evalua¬ 
tion  of  the  software  that  is  currently  on  the  market  and  is 
being  used. 

ISEG  stands  tor  Interagency  Software  Evaluation 
Group.  There  have  been  some  casual  as  well  as  determined 
members  of  this  group.  The  most  notable  contributors  have 
been  the  members  of  each  of  the  armed  service  branches. 
Army,  Navy  and  the  Air  Force;  we  also  have  representatives 
from  the  former  Energy  Research  and  Development  Adminis¬ 
tration  (now  the  Department  of  Energy),  the  National  Sci¬ 
ence  Foundation  (NSF)  and  the  US  Nuclear  Regulatory  Com¬ 
mission  (NRC).  On  occasion  we  have  had  other  individuals 
drop  in  for  brief  periods  of  time,  hut  this  has  been  the  main 
cadre  of  individuals  who  are  interested  in  the  problem  of 
software  evaluation. 

Our  purpose  is  to  formalize  the  critical  evaluation  of 
applications  or  engineering  oriented  software.  We  are  not 
interested  in  systems  software,  we  don't  intend  for  that  to  be 
part  of  our  program.  We  will  develop  criteria  for  the  evalua¬ 
tion  of  software  and  we  will  carry  this  out  in  practice  by 
actually  evaluating  as  much  software  as  money  and  time  will 
permit.  The  justification,  is  the  next  step  beyond  informa¬ 
tion  dissemination;  we  are  interested  in  pursuing  cost  effec¬ 
tive  use  of  software.  We  are  not  the  limit  point  we  are 
merely  trying  to  make  the  next  step. 

We  have  chosen  three  tasks  for  ourselves: 

1.  Select  software  within  budget  constraints. 

2.  Develop  the  criteria  by  which  this  software  is  to  be 
evaluated.  This  is  primarily  my  job  with  help  from  a  com¬ 
munity  of  scholars. 

3.  Find  the  contractors  who  will  perform  the  evalua¬ 
tion. 

Implied  in  all  of  this  is  a  fourth  .step  which  is  to  make 
sure  the  contractors  do  what  they  have  agreed  to  do. 

The  evaluation  criteria  that  we  have  been  working  on 
appeared  in  rough  draft  form  in  May  1977.  A  second  draft 
appeared  in  July  1977  and  now  we  have  a  third  iteration.  We 
see  it  breaking  up  into  four  (4)  parts. 

First  we  will  screen  the  programs  to  find  out  if  they  can 
be  moved  from  the  machine  where  they  are  resident  to  the 
machine  of  the  contrator  that  we  have  .selected  to  do  the 


evaluation.  The  contractors  that  we  choose  will  not  be  the 
developers  of  that  particular  software  nor  will  they  be  strong 
opponents  or  proponents  of  that  software;  we  are  interested 
in  balanced  evaluation  therefore  we  may  be  have  to  move 
software  from  a  resident  machine  to  non-resident  machine. 
We  don’t  want  our  contractors  to  spend  a  year  and  $40K  just 
to  get  the  software  up  and  running.  Therefore  we  have  a 
screening  procedure  to  determine  whether  the  software  is  fit 
to  be  moved  from  one  machine  to  another. 

The  second  item  is  program  architecture.  There  are 
many  people,  especially  in  the  armed  services,  who  feel  that 
if  you  can’t  describe  it  you  shouldn’t  use  it.  So  one  of  the 
efforts  will  be  to  come  up  with  two  types  of  descriptions  of 
the  program  architecture. 

Thirdly  there  is  an  advanced  evaluation  procedure  which 
includes  energy  checks,  mesh  discretization  checks,  ways  of 
measuring  the  efficiency  of  different  programs,  ways  of  meas¬ 
uring  the  convergence  of  algorithms  and  the  like.  Finally 
there  is  a  summary  which  will  provide  directions  not  only  for 
the  developers  of  software  but  perhaps  even  for  hardware 
vendors. 

The  screening  criteria  contain  five  items  in  the  chain. 
The  first  1  call  availability.  That  really  means  the  ability  to 
move  software  from  one  machine  to  another.  Is  it  really 
available  to  somebody  on  a  different  machine  or  in  a  dif¬ 
ferent  environment?  Second  does  the  theory  in  the  program 
manifest  itself  in  a  set  of  verification  examples?  Third  is  it 
adequately  documented  so  that  we  can  proceed  to  step  two? 
Then  there  are  two  non  mandatory  items;  the  first  is  con¬ 
figuration  control,  that  is  can  the  program  be  altered  in  the 
way  in  which  it  does  its  job  so  that  we  can  do  different  things 
to  measure  its  efficiency?  And  second  has  it  been  used  by  a 
sufficient  number  of  people?  That  is  also  non  mandatory,  we 
will  not  throw  out  a  program  because  it  hasn’t  been  used  by 
many  people  besides  its  developer  but  we  would  like  to  have 
it  that  way. 

Program  architecture  is  split  into  two  parts.  There  is  a 
functional  description,  which  is  the  way  the  discretrization  is 
done  in  space  and  time  or  the  order  of  the  approximation  in 
space  and  time;  it  also  includes  the  solution  methods  such  as 
eigenvalue  and  eigenvector  extraction  methods  and  all  other 
kinds  of  descriptions  that  would  be  necessary  to  try  to  put 
the  cixle  in  context  with  other  codes  of  its  type.  Second, 
there  is  the  programming  description  which  includes  things 
such  as  how  modular  is  it  and  how  are  the  modules 
constructed?  How  are  the  file  structures  created?  How 
are  the  sub  programs  designed  and  the  calling  sequences 
created?  How  is  the  storage  and  the  use  of  common  files 
handled  and  many  other  things  that  would  be  vital  to 
an  organization  that  is  thinking  about  putting  a  program 
up  on  their  own  machine  and  putting  time  and  money  into 
maintaining  it. 

In  the  advanced  evaluation  state  we  are  concerned 
about  those  things  which  should  be  done  in  preanalysis 
to  screen  the  problems  that  the  user  creates.  Thb  in¬ 
cludes  energy  checks,  namely  what  is  the  mesh  effort  re¬ 
quired  for  a  given  mesh  and  how  hard  does  it  have  to  work  in 
order  to  produce  results.  This  also  includes  convergence  of 
all  kinds,  nonlinear  problems,  configuration  control  if 
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possible,  and  efficiency.  We  think  of  efficiency  in  two  dif¬ 
ferent  ways.  If  we  intend  to  compare  the  efficiency  of  two 
different  codes  we  want  them  to  solve  a  problem  that  has 
exactly  the  same  number  of  degrees  of  freedom,  the  same 
size  bandwidth,  and  we  want  to  check  their  solution  ef¬ 
ficiency  that  is  the  first  item.  Second,  we  would  like  to  have 
them  do  a  stated  problem  with  a  given  error  and  see  how 
efficiently  they  can  solve  it  regardless  of  how  they  do  it;  that 
is  called  library  efficiency.  Finally  we  want  to  compare  the 
overall  general  capability  of  the  program  to  do  a  variety  of 
problems.  That  gives  you  a  very  general  overview  of  the 
ISEG  effort  and  the  way  in  which  we  perceive  the  criteria 
we  will  use  for  evaluating  the  software  that  we  have  identi¬ 
fied  to  date.  A  set  of  programs  has  been  identified  by  two 
branches  of  the  armed  services.  The  Navy  and  the  Air  Force 
have  in  fact  identified  the  codes  in  a  rank  list  that  they  wish 
to  have  evaluated. 

Mr.  Pilkey,  (University  of  Virginia):  I  thought  I  would 
talk  about  something  related  to  this  evaluation  effort  and 
also  talk  about  alternative  approaches  to  the  proposed  ISEIG 
evaluation.  Let  me  go  back  in  time  a  little  bit,  perhaps  some 
of  you  know  that  the  Shock  and  Vibration  Information 
Center  did  attempt  an  entirely  different  sort  of  evaluation 
and  it  culminated  in  a  book  called  Shock  and  Vibration  Com¬ 
puter  Programs.  It  is  an  attempt,  without  specific  funding  to 
match  program  against  program  or  to  go  into  great  depth,  to 
review  the  available  software  for  solving  prescribed  problems 
in  shock  and  vibration.  In  this  case  one  looked  toward  au¬ 
thorities  in  the  area,  people  who  were  using  programs  to  solve 
prescribed  problems,  and  we  asked  them  to  evaluate  the  pro¬ 
grams  and  to  state  precisely  the  availability  conditions  of  all 
programs  whether  they  were  commercial  programs,  free  pro¬ 
grams  or  government  programs.  So  then  it  is  an  effort  at 
having  people  who  are  using  particular  programs  say  what 
they  think  of  them  and  hopefully  in  a  disciplined  logical 
fashion.  It  is  a  reasonably  thick  book  and  it  contains  a  great 
deal  of  information  about  many  programs.  That  same  effort 
is  being  continued  in  something  called  the  Structural  Me¬ 
chanics  Software  Series  in  which  we  again  asked  people  work¬ 
ing  in  particular  areas  such  as  rotating  shafts,  building  de¬ 
signs,  bridge  designs,  random  vibration,  or  whatever  to  evalu¬ 
ate  all  of  the  programs  that  are  available.  But  the  short¬ 
comings  and  drawback  to  this  sort  of  activity  is  that  the 
people  who  are  involved  don't  necessarily  have  the  op¬ 
portunity  to  use  every  program.  So  they  collect  information 
on  the  programs  then  they  attempt  to  discern  tradeoffs  be¬ 
tween  the  programs  and  ascertain  the  relative  merits  of 
various  programs  and  then  put  it  in  writing.  This  culminates 
in  the  software  series  which  is  a  series  of  books  that  come  out 
once  every  six  months  for  each  volume. 

There  is  a  second  activity.  The  software  series  has 
linked  itself  to  several  national  computer  networks. 

Usually  time  sharing  networks,  but  in  one  case  a  batch 
network.  This  allows  people  to  submit  computer  programs 
to  the  software  series  instead  of  technical  papers,  but  in  the 
same  fashion  as  a  technical  paper.  The  programs  are  then 
evaluated,  and  if  the  reviewers  think  they  are  worthy  of  being 
placed  on  the  national  networks  then  the  developer  of  the 
program  gets  free  computer  time  to  place  his  program  on  the 
network  and  it  becomes  publicly  available.  We  have  done 
many  programs  this  way  and  this  includes  most  recently  SAP 
V,  the  TAB  system  WHAM,  which  is  a  finite  element  shock 


analysis  program,  BOSOR  and  many  other  programs  like 
this.  Thus  there  are  two  activities  that  belong  within  the 
framework  of  the  software  series. 

But  the  ISEG  effort  is  doing  something  quite  different, 
especially  in  magnitude,  because  we  are  talking  about  secur¬ 
ing  funding  to  look  at  the  specific  programs  in  depth  and  to 
look  at  them  in  a  very  logical  and  a  very  controlled  fashion 
and  the  control  resides  with  Bob  Nickell.  The  effort  is  to 
examine  specific  programs. 

Our  goal  is  to  stimulate  discussion  on  what  directions 
ISEG  should  take,  whether  they  are  aimed  in  the  right  direc¬ 
tion  now,  what  kind  of  evaluations  would  be  the  most  valu¬ 
able  or  the  most  usef  ul.  Let  me  propose  a  possible  orientation 
of  ISEG  which  could  be  done  within  the  framework  but  it  is 
not  really  in  the  direction  that  we  are  aiming  at  at  the 
moment.  At  the  moment  we  intend  to  take  particular  pro¬ 
grams,  such  as  NASTRAK,  and  have  a  contractor  look  at  the 
program  and  evaluate  their  capabilities,  in  the  form  that  Bob 
had  on  the  Board  and  do  this  in  great  depth.  Another  con¬ 
tractor  would  look  at  the  MARC  program,  for  example,  and 
all  of  these  would  be  done  under  the  supervision  and  the  di¬ 
rect  control  of  Bob  Nickell.  That  is  the  key  to  this  effort;  it 
would  be  controlled,  it  would  be  regulated  and  we  would  see 
to  it  that  when  it  came  down  to  looking  at  the  economy  and  the 
efficiency  of  the  different  programs  that  they  are  evaluated 
on  a  fair  basis.  An  alternate  approach  is  to  evaluate  certain 
capabilities  within  the  general  purpose  programs.  Examples 
include  random  vibration  capabilities,  rotating  shaft  capa¬ 
bilities,  they  aren’t  necessarily  available  in  general  purpose 
programs,  nonlinear  material  capabilities,  nonlinear  analysis, 
the  nonlinear  geometry  capabilities,  transient  dynamics  capa¬ 
bilities,  or  shells  or  revolution  capabilities.  One  contractor 
would  evaluate  the  random  vibration  capabilities  in  all  of  the 
programs  and  another  contractor  would  evaluate  the  shells  of 
revolution  capabilities  of  all  the  programs  and  then  they 
would  try  to  discern,  distinguish,  and  evaluate  the  program 
from  that  basis  rather  than  having  one  contractor  look  at 
each  program.  The  end  result  could  be  the  same  if  they  are 
properly  controlled.  That  is  in  terms  of  results  that  are  use- 
able  to  the  technical  community,  it  is  possible  that  both  of 
them  could  lead  to  results  if  they  are  properly  written,  prop¬ 
erly  displayed,  and  properly  publicized.  Both  of  them  could 
be  used  such  that  if  a  user  had  a  particular  problem  the 
results  of  this  type  of  evaluation  could  be  used  to  determine 
which  program  is  the  best  for  the  problem.  It  is  possible  that 
the  alternative  of  having  one  contractor  look  at  many  things 
would  lead  to  results  that  would  make  it  somewhat  easier  to 
discern  what  program  would  be  best  for  solving  the  problem. 

Mr.  Kolb,  (U.S.  Army  Development  and  Readiness  Com¬ 
mand):  During  my  talk  in  the  opening  session  I  discussed  a 
trend  in  the  ratio  of  the  cost  of  hardware  to  the  cost  of  soft¬ 
ware  over  a  period  of  roughly  twenty  years  since  1955.  The 
hardware  development  is  pretty  well  defined  now  to  the 
point  where  virtually  all  of  the  expenses  in  computer  ori¬ 
ented  end  products  are  vested  in  the  cost  of  the  software. 

This  gives  us  great  concern  and  there  are  a  number  of  entities 
within  the  Army,  which  I  represent,  that  are  vesting  a  con¬ 
siderable  amount  of  money  in  software  orientation  and  soft¬ 
ware  improvement  and  so  on. 

In  the  technical  information  program  for  the  Army  1 
have  three  hundred  thousand  dollars  per  year  vested  in  the 


25 


sole  purpose  of  doing  R&O  in  computer  program  improve¬ 
ment.  We  want  to  optimize  those  dollars  and  we  want  to 
optimize  everyone’s  computer  programs;  one  of  the  ways 
that  we  propose  to  do  this  is  to  sponsor  collective  concen¬ 
trated  evaluation  efforts  such  as  this  to  determine  the  viabil¬ 
ity,  applicability  and  so  on  because  everyone  goes  off  in  then- 
own  way  developing  their  own  programs  to  do  their  own 
things  and  it  is  incumbent  upon  us  to  optimize  those  invest¬ 
ments. 

We  are  in  the  process  of  justifying  sponsorship  of  this 
kind  of  effort  so  that  one  can  go  to  a  central  source  and  get 
evaluation  type  information  on  his  software  materials.  1 
currently  have  on  my  desk  three  applications  for  sponsorship 
of  three  different  Army  organizations  that  want  to  become  a 
world  center  of  software  information.  This  is  three  cur¬ 
rently,  but  in  the  past  three  or  four  years  we  have  had  others 
and  therefore  there  are  many  people  in  many  different  labo¬ 
ratories  who  are  gathering  all  kinds  of  software  information 
and  they  think  that  this  should  be  collated  and  coordinated 
into  a  center.  There  is  enough  interest  in  this  that  we  feel 
that  we  better  do  something  about  closing  in  on  it  so  every¬ 
one  doesn't  go  off  spending  their  own  money.  The  storage 
space  is  increasing  like  100  fold  over  the  same  period,  1955 
to  1975,  and  the  cost  of  storageiscoming  way  way  down  there¬ 
fore  we  envision  that  we  should  put  a  great  deal  of  effort  into 
evaluating  some  of  the  materials  that  are  coming  out  of  this 
computer  effort. 

Mr.  Nokes,  (Draper  Laboratory);  I  am  wondering  about 
the  scheme  of  having  one  contractor  evaluate  each  individual 
computer  program;  how  do  you  get  around  the  problem  of 
the  existing  published  summaries  of  what  works  with  the 
computer  program?  You  have  one  contractor  he  knows  that 
a  certain  program  works  for  all  the  cases  he  has  tried  but  he 
doesn’t  know  if  it  works  better  or  worse  than  any  other  pro¬ 
gram.  I  have  one  program  that  I  am  using  now  and  I  am 
basically  quite  happy  with  it.  But  I  would  really  like  to 
know  if  other  ones  work  better.  With  that  scheme  it  seems  as 
if  you  are  leaving  the  tough  part  of  the  work  to  the  one  who 
has  to  evaluate  the  overall  program. 

Mr.  Nickell:  My  understanding  was  that  in  the  advanced 
evaluation  phase  they  will  all  do  the  same  problem.  Each 
contractor  will  do  the  same  problem  with  their  particular 
code.  They  will  do  efficiency  examples,  convergence  ex¬ 
amples,  energy  check  examples,  do  mesh  discretization 
examples,  and  they  will  all  do  the  same  one.  So  there  will 
be  a  comparison  in  the  overall  summary  of  the  report. 


Mr.  Nokes:  To  the  extent  that  all  the  programs  can  do 
the  same  examples? 

Mr.  Nickell:  That  is  correct.  They  will  all  be  able  to  do 
some  examples. 

Mr.  Nokes:  On  the  other  hand  having  the  one  vendor 
evaluate  ten  different  programs  will  be  expensive.  That 
means  one  has  to  learn  to  run  ten  programs,  just  to  do  his 
particular  cases.  It  would  be  more  valuable  that  way,  but 
whether  you  can  afford  it  is  another  thing. 

Mr.  Nickell:  There  is  overhead  connected  with  having 


any  organization  use  a  piece  of  software  and  if  you  have 
them  use  ten  pieces  of  software  that  multiplies  the  overhead 
by  a  factor  of  ten. 

Mr.  Nokes:  That  is  why  we  use  only  one. 

Mr.  Nickell:  Before  you  get  your  first  useful  result  you 
have  to  factor  in  the  overhead.  That  was  one  of  the  reasons 
for  going  to  this  scheme. 

Mr.  Klkey:  What  is  the  overhead? 

Mr.  Nickell:  I  once  worked  in  an  organization  where 
there  were  hidden  costs  of  the  order  of  about  25  man  years 
to  implicitly  maintain  all  of  the  structural  codes  that  were 
being  used  by  about  100  analysts  that  we  had  in  the  organiza¬ 
tion.  That  is  a  substantial  cost  if  you  do  a  strict  cost  ac¬ 
counting  on  it. 

Mr.  Nokes:  It  appears  that  it  is  a  fair  amount  of  money 
even  for  the  codes  that  are  better  set  up  to  be  portable  and 
that  are  easy  put  up  on  “a  new  machine”. 

Mr.  Nickell:  At  best  it  takes  a  few  days. 

Mr.  Pilkey:  It  is  clear  to  me  that  control  that  would  be 
exercised  by  Bob  Nickell,  or  whoever  is  running  this  will 
make  this  proposed  ISEG  evaluation  meaningful.  Certainly 
that  is  essential  to  seeing  that  the  evaluations  are  meaningful. 

Mr.  Nokes;  I  suppose  I  should  mention  that  I  would  be 
very  interested  in  having  this  type  of  evaluation.  We  con¬ 
tinually  run  into  the  problem,  where  someone  wanders  in  and 
suggests  we  use  so  and  so’s  code  instead  of  the  one  we  are 
using.  We  have  no  real  answer.  We  don’t  have  enough  money 
to  attempt  to  purchase  it  or  lease  it  and  put  it  up  and  try  it 
it  to  find  out  whether  it  even  works. 

Mr.  Nickell:  Would  it  be  useful  to  have  a  document 
available  that  had  the  results  from  ten  or  twelve  such  pro¬ 
grams  that  had  examples  with  which  you  can  compare  your 
code? 

Mr.  Nokes:  Yes,  because  even  if  it  only  had  three  or 
four  examples  at  least  there  would  be  a  way  of  comparing  my 
code,  as  it  exists,  with  the  other  one  and  I  would  have  some 
sort  of  objective  measure  of  whether  1  am  using  a  reasonable 
code. 

Mr.  Pilkey:  You  say  that  you  will  evaluate  NASTRAN, 
as  you  know  there  are  various  versions  of  NASTRAN,  there  is 
a  public  version  and  there  is  a  private  version.  Will  that 
create  a  problem?  Will  you  have  problems  trying  to  identify 
what  you  will  call  NASTRAN?  If  you  locate  some  short¬ 
comings  in  one  version  of  NASTRAN  you  will  have  problems 
with  those  contractors  that  say  “weU  our  version  doesn’t 
have  that  draw  back”. 

Mr.  Nickell:  The  first  question  relates  to  how  to  iden¬ 
tify  which  version  of  NAOTRAN  you  will  evaluate?  That  was 
accomplished  by  asking  the  services  themselves  to  pick  out 
the  particular  version  that  they  wanted  to  evaluate.  The 
Navy  picked  out  their  version  15.3  and  we  talked  to  the  Air 
Force  and  they  said  “we  are  trying  to  use  version  16.0  we 


don’t  like  it;  we  prefer  to  use  the  Navy’s  version  15.3  for  the 
evaluation  studies”;  we  got  a  commonality  so  it  turned  out 
not  to  be  a  problem  because  everybody  seemed  to  concur 
about  which  version  should  be  evaluated.  The  second 
question  related  to  what  happens  if  you  discover  flaws  in  a 
particular  piece  of  software;  won’t  the  developer  run  right 
out  and  fix  them?  The  answer  is  you  bet!  In  fact  that  is  the 
one  thing  that  we  really  hope  will  happen.  Some  developers 
simply  do  not  understand  that  their  program  doesn’t  do  as 
much  for  their  neighbors  and  perhaps  this  will  be  a  stimulus 
to  many  of  them  to  put  out  better  software.  We  don't  ex¬ 
pect  this  field  to  stand  still,  we  expect  it  to  keep  moving  very 
rapidly  and  we  expect  to  be  providing  some  impetus  to  the 
improvement  of  software.  That  means  that  our  results  will 
be  dated,  but  that  is  part  of  life,  it  is  a  living  thing. 

Mr.  Dyrdahl,  (Boeing  Co.) :  We  have  made  a  great  deal  of 
use  of  Dr.  Pilkey’s  book  to  select  programs  when  we  were  in 
a  big  hurry.  What  about  the  schedule  of  ISEG?  What  kind  of 
timing  are  we  talking  about?  Will  I  be  retired  before  you  get 
everything  evaluated? 

Mr.  Nickell:  I  understand  that  the  people  from  the 
armed  services  will  go  ahead  with  the  first  two  parts  of  the 
evaluation  procedure  on  about  six  or  nine  different  codes 
during  fiscal  year  1978.  We  intended  to  complete  phases 
three  and  four  and  the  summary  in  fiscal  year  1979  so  in  two 
years  we  expect  to  have  gone  through  our  first  six  to  nine 
codes. 

Mr.  Kiefling,  (Marshall  Space  Flight  Center):  What  do 
you  perceive  as  the  critical  problems  that  you  will  be  evalu¬ 
ating?  Before  you  look  for  the  answer  you  should  know  what 
the  problem  is.  I  am  su'e  that  there  are  dozens  of  codes  that 
will  solve  linear  stress,  and  the  like  but  are  you  looking  for 
nonlinear  material  programs?  Are  you  looking  for  complex 
eigensolvers  that  will  handle  the  rotating  shaft?  How  do  you 
rate  the  problems? 

Mr.  Nickell;  If  I  understand  your  question  what  specific 
features  of  programs  are  we  trying  to  focus  on? 

Mr.  Kiefling;  Yes. 

Mr.  Nickell;  As  1  understand  it  the  services  haven’t 
perceived  the  problem  in  quite  that  detail  yet.  They  see  a 
general  problem.  Their  codes  are  not  fully  documented. 

They  are  not  quite  sure  of  the  limitations  on  some  software. 
They  are  not  sure  what  the  eigenvalue  extractors  will  do. 

They  are  not  sure  what  the  stability  limits  of  the  integration 
operators  are.  They  are  not  sure  what  the  convergence  rate 
of  the  elements  are.  Those  are  problems  on  their  codes  that 
they  use  on  a  everyday  basis.  So  I  see  the  problem  as  much 
more  generic  than  specific.  Maybe  we  should  focus  some¬ 
what  more  on  specifics  and  that  may  pop  up  more  later.  If 
you  have  ideas  on  that  we  would  welcome  them. 

Mr  Kiefling:  I  would  also  like  to  know  If  anyl  i  dy  lias 
come  up  with  a  size  definitiini?  Wluit  is  a  lart;-.'  problem  .or  a 
small  problem  or  a  medium  problem?  Every  so  often  1  see 
the  eigensolution  for  a  large  problem  in  the  literature  and  the 
largest  one  that  they  do  is  maybe  240  degrees  of  freedom. 

We  routinely  do  things  like  that  as  test  cases  on  small 
problems. 


Mr.  Nickell:  240  eigenvalue  sounds  like  a  big  problem 
to  me.  I  guess  there  is  supposed  to  be  an  answer  to  that 
question.  Does  anybody  know  what  the  definition  of  large 
is?  Bigger  than  a  bread  box,  smaller  than  a  house? 

Mr.  Sepcenko,  (Planning  Research  Corporation):  I  was 
going  to  answer  the  gentlemen  that  240  degrees  of  freedom  is 
probably  quite  a  substantial  eigenvalue  structural  problem  be¬ 
cause  we  recently  found  that  NASTRAN  level  16  doesn’t  do 
it  too  well  with  the  first  six  rigid  body  modes.  I  guess  the 
problem  is  probably  known  because  we  knew  that  level 
fifteen  and  so  on  didn't  do  this  problem  very  well  and  we  saw 
the  importance  in  some  papers  of  having  those  rigid  body 
modes  extracted  in  a  modal  analysis.  Hopefully  this  will  be 
evaluated.  I  have  a  comment.  I  got  an  impression  that  the 
government  agencies  will  have  all  of  the  available  programs 
evaluated  as  a  result  of  this  evaluation.  I  further  suspect  that 
the  contractors  may  be  so  obliged  to  use  these  particular 
programs  in  some  contracts  to  cut  down  the  cost.  At  the 
same  time  1  have  a  feeling  that  many  proprietary  programs 
which  may  be  substantially  more  powerful  than  the  available 
programs  will  not  be  evaluated  at  all. 

Mr.  Nickell:  That  is  a  very  serious  problem.  The  intent 
of  the  evaluation  exercise  was  not  to  lead  to  the  standardi¬ 
zation  of  the  use  of  software  in  contractural  negotiations,  but 
you  can  never  tell  what  will  happen  and  that  is  a  serious 
danger  to  fall  into.  It  can  get  out  of  hand.  In  regard  to  pro¬ 
prietary  software  not  being  evaluated,  I  think  some  of  the 
armed  services  have  purchased  proprietary  software  and  in  the 
cases  where  the  purchased  proprietary  software  is  being  used 
heavily  it  will  be  evaluated.  That  is  if  they  show  up  on  the 
list  of  heavily  used  codes  they  will  be  evaluated  even  though 
they  are  proprietary.  That  raises  a  very  touchy  issue  about 
how  we  select  a  contractor  but  we  think  we  have  managed  to 
solve  that  problem.  We  have  identified  some  contractors  who 
are  not  the  developers  and  they  have  no  strong  proponent 
feeling  toward  the  software  but  yet  they  have  it  available. 

In  fact  many  of  them  have  it  available  and  they  are  sort  of 
against  it. 

Mr.  Robins,  (University  of  Michigan):  We  have  been 
developing  the  type  of  computer  programs  which  deal  with 
simulation  of  crash  victim  dynamics  mostly  in  the  automo¬ 
tive  restraint  area.  If  you  are  familiar  with  that  there  are  a 
few  fairly  large  scale  programs  floating  around  on  this  topic 
and  we  are  faced  with  many  of  the  same  problems  that  Walt 
Pilkey  outlined  pretty  well;  should  one  look  a  single  pro¬ 
gram,  go  through  it  and  detail  all  of  its  features  and  its  docu¬ 
mentation,  or  should  one  look  across  the  various  programs 
for  the  way  they  solve  particular  physical  problems,  or  can 
they  solve  various  physical  problems?  These  are  both  very 
important  and  very  useful  things  to  do  I  think  but  there  are 
several  contractors  and  several  government  agencies  mainly  in 
the  transportation  area  that  have  different  kinds  of  models. 

We  have  about  five  or  six  fairly  large  computer  programs  that 
simulate  human  dynamics,  some  of  our  colleagues  at  other 
groups  and  competitors  have  similar  stables  of  programs  and 
so  the  automotive  industry  and  government  agencies  of  various 
sorts  arc  trying  to  use  these  things.  But  we  are  not  sure  that 
one  can  even  compare  these  programs  very  well  except  on  a 
very  simple  basis  and  there  is  a  subcommittee  of  a  Society  of 
Automotive  Engineers  committee  which  is  trying  to  discuss 
commonality  between  these  programs  and  we  have  simply 
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taken  the  approach  does  a  particular  computer  program  have 
something  called  a  valid  solution  to  a  problem?  That  is,  given 
an  experiment  does  the  program  work?  We  sort  of  jumped 
across  this  big  description  between  programs  and  have  many 
problems  with  this.  We  are  trying  to  develop  the  scales  of 
validation  of  how  well  a  particular  computer  program 
actually  predicts  the  various  physical  variables;  we  are  also 
trying  to  develop  scales  of  how  well  experimental  data,  for 
example  a  time  dependent  trace  is  match  by  predictions  and 
if  it  is  wrong  what  is  wrong.  Has  this  group  ever  thought 
about  how  well  a  particular  structural  model  may  duplicate 
the  physical  event  as  one  of  the  primary  indicators? 


Mr.  Nickell:  There  has  been  about  five  or  six  years  of 
history  of  people  trying  to  define  validation.  As  I  recall  the 
first  attempt  to  define  validation  occurred  during  a  Pressure 
Vessel  and  Piping  meeting  in  1969.  There  we  decided  that  a 
validation  consisted  of  at  least  two  parts,  one  of  which  was 
called  verification  and  the  other  was  called  qualification.  The 
verification  part  is  will  the  software  generate  a  theoretical 
solution  that  is  consistent  with  the  theory  on  which  the  pro¬ 
gram  was  written?  That  is,  if  it  is  a  viscoelastic  program  does 
it  produce  a  result  for  a  simple  viscoelastic  problem?  Can  you 
put  in  the  right  viscoelastic  law  and  have  it  reproduced? 

If  it  is  metallic  creep  will  it  do  that?  If  it  is  cracking  in  con¬ 
crete  can  it  do  that?  If  it  is  linear  dynamics  will  it  do  that? 
Then  there  is  the  part  about  qualification  and  that  gets  into 
the  experimental  area.  You  would  like  to  have  qualification 
examples  for  which  you  have  absolute  and  utter  faith  in  the 
solution  whether  it  is  experimental  or  closed  form  but  in 
most  cases  you  only  have  an  experiment  of  often  somewhat 
dubious  integrity.  But  over  the  years  we  have  accumulated 
some  experimental  results  that  match  the  solutions  several 
programs  have  produced  reasonably  well,  then  that  becomes 
sort  of  a  standard  qualification  example.  The  Pressure  Vessel 
and  Piping  Division  of  the  American  Society  of  Mechanical 
Engineers  has  published  about  three  volumes  of  these  various 
experiments  that  we  give  to  people  in  order  that  they  can  try¬ 
out  their  inelastic  programs  or  whatever  they  happen  to  have; 
so  there  is  a  big  and  growing  concern  about  so  called  qualifi¬ 
cation  examples  of  the  type  you  mentioned  that  represent 
real  physical  behavior.  Whether  we  will  include  any  of  those 
in  our  exercise  is  still  open  for  discussion. 


Mr.  Robins:  1  would  like  to  go  a  little  further  in  this 
same  direction  if  I  might.  You  said  that  some  experimental 
results  matched  reasonably  well  but  this  is  the  problem  that 
we  are  trying  to  overcome;  we  do  not  want  to  use  a  term 
like  reasonably  well  we  want  to  actually  develop  quantita¬ 
tive  measures  of  the  correlation  between  the  experimental 
event,  which  may  be  of  dubious  quality,  and  the  analytical 
event  which  also  may  be  of  unknown  quality.  Has  there  been 
an  attempt  to  develop  quantitative  correlation  measures? 


Mr.  Nickell:  If  there  has  1  am  not  aware  of  it.  Typically 
the  reason  why  an  inelastic  analysis  has  problems  matching 
experimental  results  is  becau.se  of  such  things  as  variability 
in  the  properties  of  the  material.  In  fact  1  have  not  seen 
anybody  try  to  come  up  with  a  quantitative  assessment  of 
the  effects  of  inhomogeneous  properties,  the  anisotropic  prop¬ 
erties,  of  the  effect  of  heat  to  heat  variation,  on  the  experi¬ 
mental  response.  'I'hey  have  a  great  deal  of  qualitative  data 
but  not  quantitative  data. 


Mr.  Esbleman,  (Vibration  Institute);  1  think  if  you  got 
into  qualification  at  this  point  you  would  be  making  a  mis¬ 
take  because  first  the  programs  should  be  evaluated  on  what 
they  do  automatically;  anytime  you  get  into  experimental- 
analytical  matching,  or  qualification,  you  get  into  engineer¬ 
ing,  you  get  into  art,  and  one  does  it  better  than  another. 
One  person  can  model  something  very  cleverly  with  the  ex¬ 
isting  program  where  another  person  may  not  have  that 
capability  and  so  you  get  into  engineering  which  is  a  gray 
area  in  this  kind  of  an  evaluation. 


Mr.  Nickell:  This  is  the  "old  saw”  about  the  good 
engineer  using  the  bad  program  to  get  a  good  result  and  the 
poor  engineer  using  a  terrific  program  to  get  a  bad  result. 
That  is  why  we  have  tried  to  really  control  the  operation  in 
these  efficiency  comparisons  so  that  everybody  does  the 
same  thing  and  it  is  not  user  dependent.  1  agree  with  your 
assessment  of  that  situation.  I  have  known  many  people  who 
have  done  fabulously  well  with  programs  that  have  all  kinds 
of  faults  in  them  and  if  they  were  used  by  another  person 
they  would  lead  them  down  the  “primrose  path”;  that  is 
what  we  are  trying  to  avoid.  We  also  want  to  avoid  the  so 
called  subroutine  answer  snydrome  namely  that  somebody 
has  a  code  somewhere  which  generates  numbers  that  are 
remarkably  close  to  an  experiment  but  in  fact  no  one  is  really 
quite  sure  whether  that  is  the  only  result  it  will  ever  get. 


Mr.  Showalter,  (SVIC):  These  manuals  and  documenta¬ 
tion  will  probably  run  through  my  hands  at  least  once  in  this 
whole  procedure.  When  you  review  many  of  them,  you  find 
out  which  ones  are  poorly  documented  and  which  ones  are 
well  documented.  Does  anyone  have  feelings  about  the 
quality  of  the  documentation  that  they  have  seen,  especially 
on  the  large  structural  programs?  Is  there  room  for  stan¬ 
dardizing  some  of  the  documentation?  Have  you  been  buf¬ 
faloed  by  some  of  it  yourself  like  I  have  on  the  large  struc¬ 
tures  programs? 


Mr.  Eshleman:  I  don’t  know  much  about  the  large 
structural  programs  but  the  documentation  of  the  rotating 
machinery  and  the  shock  isolation  programs  that  I  am 
familiar  with  has  been  bad  all  around.  I  don't  think  that  one 
person  could  pick  up  the  program  and  use  it  without  exten¬ 
sive  learning.  I  suggest  that  you  should  have  a  format  for 
documentation. 


Mr.  Nickell:  In  your  opinion  the  concern  about  docu¬ 
mentation  is  not  a  “red  herring”? 


Mr.  Ethelman:  Not  at  all!  That  is  a  real  problem  and  I 
believe  that  to  achieve  some  sort  of  universal  usage  the  first 
thing  is  documentation. 


Mr.  Nickell:  This  is  a  question  of  perception.  If  you 
talk  to  the  developers,  they  will  generally  tell  you.  quietly  in 
the  back  room  when  they  are  not  in  public,  that  documenta¬ 
tion  is  a  “red  herring”.  This  is  propaganda  that  is  put  out  bv 
managers,  it  is  really  meaningless,  and  in  fact  the  users  are 
having  no  problems  at  all.  A  better  perception  of  the 
problem  is  needed.  The  users,  on  the  other  hand,  are 
stumbling  their  way  through  the  user's  manuals  and  they  are 
groping  with  trying  to  solve  their  particular  problem.  I  am 
not  sure  whether  they  are  having  trouble  or  nut . 
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Voice:  Every  user  that  I  have  talked  to  is  having 
trouble. 

Mr.  Nickell:  The  American  Nuclear  Society  began  an 
effort  about  five  years  ago  to  develop  a  set  of  three  level 
documentation  standards.  They  published  what  was  virtually 
a  book,  it  had  about  85  or  90  pages  representating  the 
description  of  the  standards  by  which  the  documentation  was 
supposed  to  be  judged.  It  received  severe  criticism  just  because 
of  its  sheer  bulk.  I  am  not  sure  whether  anyone  else  has  had 
the  temerity  to  try  to  establish  documentation  standards 
since  but  it  is  a  novel  idea. 

Voice:  One  of  the  most  annoying  things  I  have  found 
in  the  documentation  of  some  of  the  programs  has  been  the 
practice  of  documenting  a  feature  prior  to  its  being  coded 
and  then  not  bothering  to  code  it. 

Documenting  things  like  having  a  conical  shell  element 
when  in  fact  it  is  a  cylindrical  shell  element;  if  it  goes  to  a  flat 
cone  it  doesn’t  work.  There  seem  to  be  several  instances 
where  documentation  was  written  ahead  of  time  if  not  in 
fact  published,  and  nobody  bothered  to  fix  it  for  the  things 
they  didn't  code.  It  would  be  particularly  helpful  if  it  could 
be  pointed  out  which  features  aren’t  in  a  program.  1  have 
spent  time  learning  to  use  a  code,  which  is  always  expensive 
in  manpower,  only  to  find  that  the  feature  1  was  using  that 
code  for  did  not  exist. 

Mr.  Morosow,  (Martin  Marietta):  Unless  you  work  the 
program  to  its  capability  you  may  not  have  a  valid  compari¬ 
son,  in  fact  you  won’t  be  able  to  evaluate  the  capability  of 
the  program.  Let  me  give  you  an  example.  Some  years  back 
on  the  Skylab  program  the  intent  was  to  perform  a  buckling 
analysis  of  a  shell  which  was  a  skin  stringer  type  of  shell  with 
some  parts  monocoque  and  a  fairly  large  system  with  many 
degrees  of  freedom.  NASTRAN  at  that  time  said  “yes  we 
can  do  it”,  other  programs  said  “yes  we  can  do  it,”  our  own 
program  said  “Yes  we  can  do  it.”  The  net  result  was  that  we 
did  not  get  any  results  until  we  finally  searched  out  a  pro¬ 
gram  that  was  basically  a  finite  difference  program,  and  I 
don’t  want  to  even  tell  who  has  it  and  they  were  able  to  solve 
it.  Everybody  else  claimed  that  they  could  do  it.  1  am  afraid 
that  sometimes  you  have  to  stretch  the  program  to  really 
see  whether  it  has  that  capability  or  not. 

Voice:  Can  1  ask  you  a  question  about  that?  It  was  not 
just  a  matter  of  economics  then?  The  capability  was  not 
here? 

Mr.  Morosow:  We  did  not  get  the  solution.  Buckling  is 
a  fairly  complex  mode.  It  is  a  difficult  representation  it  is 
much  more  difficult  than  getting  eigenvalues. 

Mr.  Nickell:  So.  establishing  the  alisolute  limits  of  a 
particular  piece  of  software  also  should  be  part  of  it. 

Mr.  Paladino,  (Naval  Sea  Systems  Command):  I  would 
like  to  .see  your  group  really  provide  a  set  of  guidelines  for  all 
of  the  software.  If  you  are  not  familiar  with  the  program 
>ou  ran  misuse  it. or  use  a  very  complicated  system  which 
isiosllv.  (live  the  user  some  guidelines  so  he  doesn’t  get  lost. 
1  here  will  lie  many  new  people  coming  into  this  field  and 


don’t  let  them  use  a  complicated  program  if  they  don’t  have 
too. 

Mr.  Nickell:  Do  I  understand  you  to  say  that  you  want 
guidelines  on  modeling? 

Mr.  Paladino:  Yes,  and  also  the  limitations  on  pro¬ 
grams.  It  is  a  very  sophisticated  program  don’t  let  someone 
use  it  because  it  will  be  very  expensive.  Perhaps  you  can  get 
the  same  answer  from  a  different  program  that  is  not  as  com¬ 
plicated  and  is  much  simpler  to  use.  The  Navy  modified  the 
original  NASTRAN  because  they  couldn’t  afford  it.  Now  it 
is  cheaper  to  use  and  we  get  good  results. 

Mr.  On,  (Goddard  Space  Flight  Center):  I  would  like  to 
address  the  question  of  selecting  contractors  to  evaluate  the 
various  programs.  Generally  you  have  to  go  to  a  contractor 
that  has  some  expertise  in  the  use  of  the  program  and  that 
almost  limits  you  back  to  the  person  who  developed  the  pro¬ 
gram.  So  to  start  with  you  already  have  a  built-in  bias  in  the 
evaluation.  Ideally  you  would  like  to  go  to  an  independent 
contractor  who  was  not  related  to  the  development  of  the 
program.  In  such  a  case  like  that  the  contractor  may  not 
have  the  expertise  and  the  familiarity  with  the  use  of  the 
program. 

Mr.  Nickell:  Do  you  really  believe  that?  1  have  ob¬ 
served  that  there  are  literally  dozens  of  small  firms,  and  some 
large  ones,  around  the  country  who  are  using  software  that 
they  did  not  write  and  who  have  become  absolutely  expert 
at  using  not  only  those  codes  but  a  variety  of  other  programs 
just  like  it.  'I'hey  are  also  expert  at  making  judgements  about 
which  software  they  want  to  use  in  any  given  situation.  I 
know  many  consulting  firms  that  use  all  kinds  of  proprietary 
codes  that  they  didn’t  write  but  they  have  good  judgement 
about  which  one  to  pick  for  which  problem.  Is  it  your  feel¬ 
ing  that  these  people  don’t  exist? 

Mr.  On :  We  have  been  users  of  NASTRAN  and  there 
are  a  couple  of  versions  of  NASTRAN;  we  have  used  it  for 
about  ten  years  and  there  are  still  some  problems  that 
NASTRAN  level  16  won’t  solve  as  well  as  the  McNeal 
Schwindler  version  of  NASTRAN.  We  only  learned  this  by 
experience. 

Mr.  Pilkey:  We  assume  that  we  will  find  contractors  that 
can  evaluate  other  people's  codes  and  under  no  circumstances 
would  we  select  a  contractor  who  developed  the  code  to 
evaluate  his  own  code.  Do  you  think  that  is  dangerous?  Do 
you  think  we  will  have  trouble? 

Mr  On:  I  really  think  you  will  have  a  bias  in  a  contrac¬ 
tor's  evaluation. 

Mr.  Pilkey:  We  believe  that  projrerly  controlled  there 
u  ill  be  no  bias. 

.Mr.  On:  1  want  to  wish  you  a  lot  of  luck. 

Mr.  Curtis,  (Hughes  Aircraft):  Frankly  1  don’t  think  the 
problem  is  as  bad  as  you  indicate.  In  my  department  we  use 
whatever  program  we  i  an  that  will  get  the  job  done  as 
economically  as  possible.  Wc  have  access  through  terminals 
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to  a  variety  of  programs  sucn  as  STARDYNE,  SAP  and  the 
various  v«sions  of  NASTRAN.  There  are  people  who  have 
used  all  of  these  programs  and  we  are  certainly  unbiased,  we 
don’t  want  to  develop  programs  we  would  like  tc  have  them 
available  to  us.  There  are  people  who  are  not  only  objective 
but  who  are  very  critical  of  these  various  programs.  I  have 
two  comments.  First,  the  discussion  has  been  about  evalu¬ 
ating  the  difference  between  programs  but  it  seems  to  me  that 
running  the  same  program  on  two  different  computers  may 
not  yield  equivalent  results.  I  am  not  sure  what  you  would 
be  evaluating  in  that  case.  Second,  most  of  you  probably 
know  that  NASTRAN  can  handle  orthotropic  materials 
whereas  a  more  economical  program  that  we  often  use  can¬ 
not.  If  I  have  a  more  economical  program  and  I  need  to  ex¬ 
amine  orthotropic  effects  I  am  not  sure  how  I  would  evaluate 
it  if  I  need  to  take  orthotropy  into  account.  It  really  doesn’t 
matter  how  efficient  or  inefficient  that  prc^am  is,  if  it  is  the 
only  one  that  can  do  that,  or  the  only  one  available  to  me 
that  does  that,  then  it  makes  no  difference. 


Mr.  Nickell:  Let  me  answer  your  second  comment  first. 


>t  would  be  clearly  pointed  out  in  the  functional  description 
that  will  be  provided  for  each  code  that  such  a  code  could 
not  handle  orthotropic  properties;  but  if  that  program  then 
turned  out  to  be  very  efficient  in  comparison  with  other 
codes  I  would  suspect  that  the  developer  would  be  stimulated 
to  add  that  feature  if  it  were  crucial  to  his  business.  I  agree 
that  you  should  use  the  most  efficient  program  for  your 
particular  problem  and  you  should  determine  that  on  the 
basis  of  the  functional  description  of  the  code  and  your 
problem.  In  regard  to  your  first  comment  a  great  deal  of 
documented  evidence  indicates  that  some  programs  run 
very  well  on  some  machines  and  some  run  very  poorly  on 
others  but  that  has  not  been  part  of  our  study.  In  every 
case  we  will  use  the  program  on  a  machine  which  is  roughly 
its  host,  that  is  the  machine  for  which  it  was  developed.  For 
example  we  will  not  try  to  run  a  code  that  was  developed 
for  a  CDC  machine  on  a  UNIVAC  machine  or  vice  versa. 

That  may  mean  if  you  have  a  UNIVAC  machine  you  may 
wish  to  use  this  code,  and  we  are  not  going  to  address  that 
question. 
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Major  Spangler  (Defense  Nuclear  Agency):  This  is  the 
panel  discussion  on  data  management;  hopefully  we  will  be 
able  to  provide  some  insight  into  a  number  of  existing  systems 
that  are  in  being  to  address  data  management  for  specific  user 
communities.  The  systems  that  we  have  represented  here 
range  from  the  very  specific  that  are  pertinent  to  one  com¬ 
pany,  to  those  that  range  over  a  wide  spectrum  of  users,  dif¬ 
ferent  communities  and  varying  requirements.  These  presen¬ 
tations  should  give  you  some  appreciation  of  the  variety  of 
problems  that  exist  when  you  range  from  small  communities 
to  very  large  ones  and  we  want  to  stimulate  discussion  on 
how  we  can  better  manage  the  data  in  these  various  systems. 
We  would  like  to  provide  a  brief  discussion  of  the  capabilities 
of  these  systems  that  different  organizations,  communities  or 
groups  have  established.  We  want  to  learn  how  they  address 
the  problem  of  data  management  pertinent  to  the  shock  and 
vibration  community,  and  the  floor  will  be  open  for  discus¬ 
sion  of  other  requirements,  other  existing  systems  that  you 
might  be  aware  of,  and  any  interface  that  might  be  able  to  be 
achieved  between  these  types  of  systems.  Some  of  you  might 
know  of  other  requirements  that  need  to  be  addressed  but 
aren’t  being  addressed. 

The  reason  for  this  panel  discussion  is  obvious.  It 
recognizes  that  a  great  portion  of  our  budgets  and  our  efforts 
in  the  shock  and  vibration  community  should  be,  or  are  ad¬ 
dressing  the  best  and  most  efficient  use  of  the  data  that  we 
are  accumulating  or  that  is  in  existence.  1  think  we  have  to 
be  constantly  aware  that  we  not  only  generate  new  informa¬ 
tion  and  new  data,  but  once  we  have  gained  the  new  data  we 
should  utilize  it  properly. 

Mr.  Wadleigh  (General  Dynamics/Convair  Division): 
Within  the  past  few  years  at  Convair  we  have  developed 
a  data  management  system  specifically  for  handling  our 
environmental  vibration  data.  We  have  chosen  a  partic¬ 
ular  7-tier  hierarchy  to  store  our  data  and  we  derive  our  data 
from  flight  vehicles  and  from  our  laboratories.  We  store  most 
of  our  data  such  as  our  power  spectral  densities,  shock 
spectra,  or  acoustic  data  in  the  frequency  domain  rather  than 


in  the  time  domain.  All  of  our  original  data  were  recorded 
on  analog  tape  in  the  time  domain  and  we  have  processed 
those  data  into  the  frequency  domain  for  storage  into  this 
data  system.  Our  most  detailed  breakdown  of  data  is  clear 
down  at  one  particular  function  residency.  We  can  also  store 
with  more  general  levels,  and  our  most  general  description  is 
by  vehicle  type,  then  we  can  be  more  specific  and  categorize 
data  by  zone,  by  measurement  type,  measurement  number, 
and  flight  period.  These  data  can  be  recovered  in  any  one  of 
those  levels  and  we  can  produce  lists  or  reports  from  textual 
information  that  we  bare  stored.  We  can  ^so  retrieve  the 
actual  X-Y  data,  we  can  plot  each  of  the  functions,  we  can 
plot  multiple  functions,  and  we  can  operate  on  those  func¬ 
tions. 

We  had  a  large  collection  of  data  that  we  have  gathered 
for  some  15  or  so  years  when  we  started  this  system  in  the 
early  70’s,  and  we  had  no  inventory  of  it.  It  is  very  difficult 
to  go  back  through  our  data  and  find  which  vehicle  had 
which  particular  measurement  or  how  the  vibration  in  the 
propulsion  zone  on  that  vehicle  compared  to  the  same  data 
on  a  different  vehicle.  The  data  were  recorded  on  individual 
pages  of  miscellaneous  flight  reports,  they  were  all  plotted  to 
different  scales,  the  frequency  scales  were  different,  some 
were  semi-log  some  were  log,  so  this  system  was  designed  to 
get  us  a  common  data  base  from  which  we  could  retrieve  and 
plot  on  a  common  basis.  We  have  a  workable  data  manage¬ 
ment  system  that  will  provide  the  fast  answers  to  very 
^cific  questions.  It  was  very  expensive  to  develop  but  we 
now  have  about  1000  arrays  of  launch  vehicle  data  and  about 
500  arrays  of  laboratory  data  stored  in  this  library.  This  one 
particular  bank  contains  some  750,000  60  bit  words.  I  am 
told  that  it  only  requires  a  quarter  to  one  third  of  the 
standard  reel  of  “mag”  tape,  so  we  have  a  long  way  to  go 
before  we  are  really  pushing  our  system.  It  is  a  general  pur¬ 
pose  data  management  program  with  particular  aerospace 
applications,  and  1  expect  we  will  use  it  for  several  years. 

Major  Spangler:  As  you  can  see  we  have  started  with  a 
specific  system,  one  that  was  initiated  because  of  a 
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requirement  within  an  organization  for  recurring  design  or 
systems  needs.  We  will  go  from  a  specific  single  user  to  a 
broader  system  that  serves  a  number  of  users  and  a  number 
of  different  disciplines. 

Mr.  Davidson  (Sandia  Laboratories):  From  the  moment 
of  its  manufacture  equipment  or  cargo  is  exposed  to  an  en¬ 
vironment.  This  exposure  affects  the  useful  life  of  that  item 
in  inverse  proportion  to  the  protection  given  by  the  design 
considerations  whenever  it  was  manufactured  and  the  en¬ 
vironments  that  it  sees  during  storage,  transport,  handling, 
and  use.  It  is  useful  and  economical  to  have  a  central  store  of 
measured  environmental  data  available  to  your  engineering 
staff  since  they  don't  have  to  “reinvent  the  wheel"  each  time 
they  need  environmental  data.  It  is  also  a  time  saver  for  the 
engineer  who  has  a  problem  either  with  test  or  designing  an 
article  for  shipment. 

We  have  two  data  banks  at  the  Sandia  Laboratories.  We 
have  a  Department  of  Defense  data  bank  that  is  sponsored  by 
the  Defense  Nuclear  Agency  and  it  covers  the  conventional 
and  nuclear  ordnance  items.  We  have  a  transportation  data 
bank  that  is  sponsored  by  the  Environmental  Control  Tech¬ 
nology  Branch  in  the  Department  of  Energy  and  it  is  for  the 
Department  of  Energy  users,  private  industry,  educational 
institutions,  foreign  countries,  or  whoever  would  like  to  use 
it.  The  first  data  bank  for  normal  environments  was  started 
in  1959.  We  added  the  abnormal  environments  for  weapons 
in  1973,  and  in  1974  we  were  asked  to  start  a  transportation 
bank  for  radioactive  materials.  We  added  storage,  dissemi¬ 
nation  and  special  studies  to  that  bank  in  1976  and  1977  to 
cover  all  energy  materials,  we  didn’t  limit  ourselves  to  radio¬ 
active  materials. 

The  purpose  of  the  second  data  bank  is  for  transporta¬ 
tion,  and  that  is  the  one  that  I  will  describe.  We  store  criteria 
for  shipping  container  design  to  support  the  functions  of  the 
test  engineers.  We  are  concerned  with  both  normal  and  ab¬ 
normal  environments.  Normal  environments  generally  have  a 
low  intensity  but  they  occur  frequently  in  nearly  every  ship¬ 
ment,  whereas  the  abnormal  environments  have  a  very  low 
frequency  of  occurrence  but  they  have  a  very  high  intensity; 
the  latter  category  mostly  concerns  accidents.  In  order  to 
index  our  information  and  make  it  available  to  people  in  the 
transportation  area,  we  have  elected  to  divide  the  environ¬ 
ments  into  12  categories  and  some  are  both  normal  and  ab¬ 
normal.  Our  retrieval  system  and  our  storage  system  are 
based  on  these  12  categories.  Three  factors  operate  to  limit 
the  number  of  environments  for  which  abnormal  levels  re¬ 
quire  consideration.  For  instance,  humidity,  you  can’t  get 
above  100%;  so  when  you  protect  for  the  normal  you  protect 
for  the  abnormal.  Acoustic  noise  might  be  abnormal  if  it 
causes  structural  damage.  Another  example  of  protecting 
against  the  effect  of  an  abnormal  environment  is  the  entry  of 
water  into  an  item  during  a  downpour  or  an  immersion,  it  is 
the  same  as  if  it  is  in  a  drizzle,  you  don’t  want  that  to 
happen.  The  data  bank  is  structured  with  the  input  and  the 
responses  to  the  12  environments.  We  define  input  as  that 
activity  that  goes  into  the  vehicle,  and  the  response  is  the 
way  that  the  cargo  or  equipment  reacts.  Some  are  normal 
and  others  are  abnormal.  There  are  some  examples  of  the 
useful  parameters  that  we  would  like  to  have  with  regard  to 
abnormal  environments.  For  earthquakes,  we  would  like  to 


have  the  time  histories,  for  impact  we  would  like  to  have 
vehicle  velocity  and  so  forth. 

We  have  a  number  of  data  sources.  The  information 
that  we  collect,  abstract,  and  store  comes  from  industry, 
from  other  government  agencies,  from  activities  within  the 
Sandia  Laboratories;  when  we  don’t  have  data,  or  if  we  have 
made  a  search  and  determined  that  the  data  appears  not  to  be 
available,  we  go  out  and  make  the  measurements  and  then 
bank  that  information.  Most  of  you  may  have  used  one  or 
more  of  these  data  sources  that  I  spoke  of  at  one  time  or 
another.  In  the  central  file  of  the  data  bank,  you  will  find  a 
store  of  information  on  transportation  from  all  of  the  various 
government  agencies,  industry,  and  private  institutions  that 
provide  data.  The  people  that  use  this  information  are  many 
of  the  same  people  that  provide  information.  These  consist 
of  industry,  schools,  institutions  and  government  con¬ 
tractors.  Foreign  countries  are  also  beginning  to  use  this  in¬ 
formation. 

The  data  are  computerized  and  they  ate  entered  into  the 
file  randomly  without  regard  to  title.  We  assign  a  number  to 
each  entry;  the  first  four  digits  tell  what  environment  it  is, 
the  last  three  digits  give  the  number  of  cards  available  on  the 
subject.  We  have  broken  it  down  by  the  type  of  transport, 
whether  impact  or  crushing  occur  within  that  particular  en¬ 
vironment,  and  also  whether  it  is  input  or  response.  We  pub¬ 
lish  an  index  which  is  available  to  those  who  have  requested 
data  or  to  anyone  who  might  like  to  use  the  bank  within  the 
realm  of  our  time  to  recover  the  information.  It  is  a  very 
stable  system.  We  average  anywhere  from  30  to  45  requests  a 
month  for  data  from  sources  outside  of  the  Sandia  Labora¬ 
tories;  we  also  have  a  branch  in  Livermore,  California  and 
they  also  provide  information.  We  have  one  central  input  in 
Albuquerque,  but  both  the  satellite  data  bank  at  Livermore 
and  the  main  data  bank  at  Albuquerque  provide  information 
to  those  who  request  it. 

Major  Spangler:  We  are  presenting  a  rather  diverse 
group  of  data  management  systems  because  the  Shock  and 
Vibration  community  is  a  very  diverse  group.  We  have  an 
interest  in  different  bits  of  data  relating  to  shock  and  vibra¬ 
tion  for  many  reasons,  so  we  have  tried  to  present  a  broad 
spectrum  of  systems  that  address  these  problems.  One  of  the 
ideas  that  we  want  to  impart  is  the  difficulty  having  once 
gained  all  the  information  and  having  it  available,  of  letting 
the  user  know  about  it  and  how  he  can  retrieve  it.  In  some 
of  the  following  presentations  you  will  find  more  about  the 
methods  that  have  been  used  for  actually  disseminating  the 
information,  making  it  available,  and  also  making  the  user 
aware  of  its  existence. 

Mr.  Rinehart  (National  Oceanic  Atmospheric  Adminis¬ 
tration):  The  National  Oceanic  Atmospheric  Administration 
(NOAA)  is  in  the  Department  of  Commerce.  Around  1970, 
we  established  the  Environmental  Data  Service  and  it  is 
funded  separately  from  our  other  research  activities  at  NOAA 
so  it  doesn’t  have  to  compete  for  its  money,  outside  of  the 
top  level  of  our  agency.  This  has  provided  a  continuum  of 
our  archiving  meteorological  data  or  solid  earth  geophysical 
data.  There  are  six  data  centers  in  the  Environmental  Data 
Service.  1  am  associated  with  the  National  Geophysical  Solar 
Terrestial  Data  Center  in  Boulder,  Colorado,  and  there  are 


two  divisions  that  primarily  provide  data  to  users,  the  Solid 
Earth  Data  Services  Division  and  the  Solar  Terrestial  Physics 
Division  that  handle  mostly  upper  atmosphere  physics,  or 
ionosone  type  information.  In  the  Solid  Earth  Data  Services 
Division,  we  handle  seismological,  marine  geology,  geo¬ 
physical,  and  geomagnetic  data.  I  am  in  the  Environmental 
Hazards  Branch. 

We  have  a  number  of  data  bases;  the  HDF  is  the  Hypa- 
Center  Data  File  that  presently  contains  about  130,000  loca¬ 
tions  of  earthquakes  ranging  in  time  back  to  about  1700.  In 
the  near  future  it  will  be  over  200  thousand  with  data  that 
we  have  obtained  from  the  Chinese  primarily  through  the 
efforts  of  Dr.  Hamilton  whom  you  heard  yesterday.  We  also 
have  data  from  Eastern  Europe  and  the  Balkan  areas  that  go 
back  to  around  2000  BC,  some  biblical  references  there  I 
guess.  The  effect  file  is  a  file  of  data  that  refers  to  the  iso- 
seismal  maps  that  Dr.  Hamilton  mentioned  in  his  talk.  The 
effect  file  has  taken  the  literature  and  coded  it  so  that  for 
any  place  name  in  the  United  States  we  have  some  indica¬ 
tions  of  the  intensity  of  shaking  at  that  city  for  earthquakes 
over  a  time  history. 

SM  stands  for  strong  motion,  and  I  want  to  address  that 
because  it  is  somewhat  closely  related  to  the  shock  and  vibra¬ 
tion  data.  Since  about  1928  there  have  been  seismic  instru¬ 
ments  that  are  triggered  by  earthquakes.  You  do  not  see  the 
initial  key  wave,  the  compressional  wave,  but  you  do  see 
many  of  the  succeeding  damaging  earthquake  waves  and  we 
get  our  data  primarily  from  the  Seismic  Engineering  Branch 
of  the  United  States  Geological  Survey  in  Menlo  Park,  Cali¬ 
fornia.  There  are  a  large  set  of  data  from  1928  to  1971  that 
have  been  digitized  by  a  contractor  that  has  a  flying  spot 
scanner  for  digitizing  these  seismic  entries.  These  data  are  all 
reduced  to  digital  values  and  they  can  be  used  in  design 
plectra  by  engineers  and  also  the  nuclear  siting  engineers, 
l^e  San  Fernando  earthquake  in  February  1971  produced 
about  300  records  that  were  digitized  by  the  California  Insti¬ 
tute  of  Technology,  and  they  are  also  available.  We  also  get 
digital  data  from  foreign  countries.  I  recently  received  the 
data  for  the  Bucharest  earthquake,  that  occurred  in  the 
summer  of  1977. 

Our  users  are  primarily  engineers  who  are  interested  in 
environmental  impact  statements  or  nuclear  plant  siting,  seis¬ 
mologists,  or  seismological  engineers  who  are  doing  research 
in  building  design  or  building  response;  they  use  the  digital 
information  as  the  input  forcing  functions  to  their  models. 
The  entire  data  center  received  10  thousand  requests  a  year 
but  the  Solid  Earth  Geophysics  probably  handles  about  six  or 
seven  thousand  of  these  requests.  They  are  world  wide  since 
we  are  not  only  a  federal  government  agency,  but  we  are  also 
the  world  data  center  for  solid  earth  geophysics  which  means 
that  the  Russians  or  the  Chinese  will  contribute  data  to  us 
and  we  send  it  back  to  them.  We  also  have  a  large  collection 
of  earthquake  damage  photographs  and  I  noticed  that  Dr. 
HamUton  used  a  few  of  them  yesterday.  We  have  a  catalog  of 
these  in  case  people  need  these  for  illustrating  their  talks  or 
publications.  We  make  maps  and  searches  from  the  Hypa- 
Center  data  file.  A  person  will  ask  us  to  search  around  a  cer¬ 
tain  spot,  or  give  us  the  latitude  and  longitude  where  he 
wants  a  map  made,  and  we  can  do  that.  We  are  also  starting 
to  get  digital  data.  The  Geological  Survey  has  installed  about 
15  digital  stations  in  the  world  and  their  readings  are  re¬ 


corded  on  cassette  tapes  that  are  sent  in  to  their  laboratory  in 
Albuquerque.  Then  they  are  sent  on  to  an  ARPA  facility  in 
Alexandria,  VA  which  currently  makes  copies  and  distributes 
them  to  researchers.  We  are  archiving  the  copies  but  so  far 
we  have  no  authority  to  pass  them  out.  One  of  the  problems 
is  that  we  have  many  people  who  ask  for  data  and  we  send 
them  a  data  tape;  most  of  the  time  we  send  them  2400  feet 
of  tape  and  often  there  is  only  100  feet  of  data  on  it.  It  is  no 
big  deal  because  the  tape  is  relatively  cheap  these  days,  but 
we  are  starting  to  get  into  some  new  technology.  We  will  use 
a  Tektronix  4051  which  is  a  “smart  terminal”  that  has  up  to 
32  thousand  words  of  storage,  it  has  a  cassette  tape  recorder, 
and  it  uses  the  Basic  or  Extended  Basic  language.  We  can  use 
it  to  provide  data.  There  are  other  manufacturers  that  build 
“smart  terminals”  that  have  floppy  discs  in  them.  We  can 
provide  data,  and  we  can  also  provide  programs  that  unblock 
the  data  or  even  analyze  the  data.  Thus  if  a  person  wants  us 
to  provide  a  program  that  produces  a  velocity  response  spec¬ 
trum  and  that  also  does  the  graphics  right  on  the  scope,  we 
could  do  this.  But  is  is  necessary  that  one  has  the  same  type 
of  equipment  that  we  do,  so  we  are  investing  into  a  number 
of  these  kinds  of  small  terminals  that  will  be  able  to  serve  us 
in  a  new  way. 

Mr.  Malthan  (Agbabian  Associates):  1  would  like  to  give 
you  some  indication  of  where  we  have  been  in  the  develop¬ 
ment  of  the  Defense  Nuclear  Agency  Master  File  of  Ground 
Shock,  Air  Blast,  and  Structural  Response  Data.  I  would  also 
like  to  give  you  some  indication  of  where  we  stand  today  and 
perhaps  try  to  make  some  projections  of  where  we  think  we 
are  going  to  go  with  this  system.  Following  World  War  II  you 
may  recall  that  the  United  States  engaged  in  a  relatively  large 
number  of  atmospheric  nuclear  tests  and  that  continued 
more  or  less  uniformly  until  1958  when  the  United  States 
and  Russia  entered  into  a  moratorium  in  which  they  volun¬ 
tarily  agreed  to  cease  all  atmospheric  tests.  That  continued 
for  several  years  and  then  you  may  recall  that  Russia  went 
into  a  series  of  very  large  scale  atmospheric  tests.  The  United 
States  responded  in  kind  until  1963  when  the  Official  Test 
Ban  Treaty  was  signed.  I  believe  the  United  Kingdom  was 
also  involved.  This  treaty  banned  all  atmospheric  nuclear 
tests.  That  left  the  United  States  in  somewhat  of  a  dilemma 
in  the  continuing  development  of  its  nuclear  weapons  effects 
technology  and  a  number  of  alternatives  were  available  to  us. 
We  could  conduct  high  explosive  field  tests  on  a  very  large 
scale  up  to  500  tons  of  equivalent  TNT,  we  could  continue  to 
conduct  underground  nuclear  tests,  we  could  conduct  special¬ 
ized  tests  using  large  scale  blast  generators  or  shock  tubes,  or 
we  could  perform  calculations. 

I  would  like  to  discuss  primarily  the  proliferation  of  the 
high  explosive  field  tests  which  began  almost  immediately  after 
the  treaty  was  signed  and  which  continue  on  even  until  today. 

In  1972,  the  Defense  Nuclear  Agency  decided  that  some  effort 
should  be  made  to  consolidate  this  high  explosive  data  into 
some  file  so  that  researchers  could  use  it.  If  all  worked  well, 
perhaps  we  could  work  back  and  start  looking  at  some  of  the 
old  nuclear  data.  The  purpose  of  this  program  was  to  collect 
the  raw  data  from  the  various  organizations  which  had  con¬ 
ducted  the  tests,  reformat  this  data  into  a  consistent  format, 
establish  some  sort  of  a  universal  identification  system  that  re¬ 
searchers  could  readily  identify  and  use,  perpare  directories  so 
that  researchers  could  locate  the  data  that  they  needed,  re¬ 
trieve  any  piece  of  data  for  these  researchers  on  their  demand, 
perform  some  sort  of  a  signal  processing  on  that  data  if 


required,  and  present  the  data  to  them  in  some  raw  or  proc¬ 
essed  form  as  they  dictate  it.  The  data  could  be  on  tape,  plots, 
punched  cards,  or  on  a  print-out.  If  it  were  necessary  or  de¬ 
sirable  their  processed  data  could  also  be  stored  so  that  it 
could  be  called  up  in  the  future.  Eventually,  we  hoped  that 
we  could  go  into  a  period  of  disseminating  the  capabilities  of 
the  system  to  a  wider  user  group  to  increase  its  use  and  to  es¬ 
tablish  procedures  for  the  use  of  that  system  in  the  future. 

We  also  wanted  to  develop  some  sort  of  cost  guidelines  so 
that  the  individual  reserachers  could  make  some  estimate  of 
the  cost  of  utilizing  the  system. 

The  data  that  are  in  the  master  file  are  composed  of 
ground-motion  data,  streso  and  strain  data,  air  blast  data,  and 
a  very  minor  amount  of  structural  data.  It  is  all  time  series 
data,  except  the  coded  data  which  is  the  high  explosive  in¬ 
formation.  There  are  presently  5  thousand  channels  of  data 
on  tape  and  that  comprises  about  45  reels  of  full  tape.  The 
system  which  is  used  to  implement  the  master  file  consists  of 
five  basic  modules.  The  editor  subroutine  accepts  raw  data 
and  reformats  it  into  a  consistent  format.  The  update  data 
takes  the  data  from  the  editor  and  builds  a  master  file  from  it 
and  constructs  a  directory.  An  extract  program  allows  the 
data  to  be  retrieved  from  the  master  file  according  to  some 
processing  request  supplied  by  cards.  A  data  processing 
module  allows  the  data  to  be  processed  in  many  different 
ways,  using  standard  time  series  analysis  techniques.  A  post 
processor  module  allows  the  processed  data  to  either  be  out¬ 
put  as  plots  on  tape  or  cards.  It  can  also  have  the  processed 
data  returned  to  the  master  file  through  the  update  program 
so  that  it  too  becomes  a  part  of  the  master  file. 

Eventually  we  developed  cost  guidelines,  one  of  which 
we  called  the  simplified  usage  guidelines  which  allows  a  re¬ 
searcher  to  make  some  kind  of  estimate  of  the  computer  time 
and  labor  required  to  process  a  given  number  of  channels  of 
data.  This  particular  kind  of  format  is  based  on  some  average 
file  located  at  some  average  location  on  a  reel  of  tape,  com¬ 
prising  some  representative  type  of  processing  sequences. 
There  are  a  series  of  more  elaborate  algorithms  that  were 
developed  for  more  specific  kinds  of  processes  which  can  be 
used  by  individual  researchers  to  develop  more  exact  esti¬ 
mates  of  the  computer  time  and  the  labor  required  to  do  very 
specific  kinds  of  operations  for  both  single  and  multiple 
files.  That  brings  us  up  to  date  as  to  where  the  system  is  to¬ 
day. 

Let  us  take  a  look  at  where  we  think  we  will  go  in  the 
future.  It  is  presently  a  little  nebulous  exactly  where  we 
are  going  to  go.  In  October  1976  we  conducted  a  two 
day  seminar  in  Los  Angeles  in  which  all  Defense  Nuclear 
Agency  contractors  who  might  presumably  have  some  in¬ 
terest  in  this  master  file  plus  a  number  of  other  researchers, 
who  had  an  interest  in  other  activities  and  who  might  also  be 
interested  in  this  system,  were  invited  to  attend.  We  went 
into  great  detail  about  how  the  system  was  constructed,  how 
it  was  to  be  used,  its  capabilities,  and  so  forth.  At  that  time 
the  Defense  Nuclear  Agency  made  a  public  offer  that  those 
who  would  be  interested  in  using  this  system  could  do  so  free 
of  charge  in  order  to  familiarize  themselves  with  the  system. 
Over  a  period  of  the  next  several  months  a  number  of  organi¬ 
zations  requested  us  to  process  data,  and  we  did  that  for 
them.  Then  finally  in  July  1977  a  group  which  had  been 
formed  earlier  by  Defense  Nuclear  Agency  known  as  the  Data 


Analysis  Working  Group  (DAWG)  also  had  a  meeting  in  Los 
Angeles  which  extended  for  one  day  and  many  of  those  who 
attended  the  seminar  were  also  invited  to  attend  this  com¬ 
mittee  meeting.  The  purpose  of  this  meeting  was  to  answer 
some  questions  which  had  to  do  with  the  future  of  the 
archive.  At  this  meeting  two  particular  distinctions  were 
made  between  an  archive  and  a  library.  An  archive  is  defined 
as  a  safe  depository,  or  a  permanent  depository  for  original 
data  generally  thou^t  to  be  on  analog  tape.  Any  associated 
information  might  be  applied  to  it,  such  as  calibrations,  log 
sheets,  drilling  logs,  diaries,  or  anything  that  might  reflect 
and  add  information  to  the  data  that  were  collected.  And  this 
particular  data  was  thought  not  to  require  immediate  turn¬ 
around.  As  a  matter  of  fact,  most  people  would  be  satisfied 
if  the  turnaround  were  on  the  order  of  a  week  to  several 
months.  On  the  other  hand,  a  library  was  conceived  to  be  an 
active  storage  of  both  raw  and  procMsed  data  on  digital  tape; 
it  should  be  in  engineering  units  and  immediately  available 
for  researchers.  To  facilitate  its  use  it  should  have  quick 
turnaround  which  is  measured  in  terms  of  days  or  weeks. 

Four  questions  were  asked  in  the  Data  Analysis  Working 
Group  Meeting  which  had  convened  in  July  1977.  1)  Is  there 
a  need  for  an  archive  and/or  a  library?  2)  What  services 
should  be  provided  by  those  archives  or  libraries?  3)  What 
data  should  be  in  the  archives  or  library?  4)  Where  should 
these  two  functions  be  located?  The  conclusions  reached  by 
that  group  of  users  were  that  all  of  the  field  test  data  should 
be  archiv^  together  with  related  information  so  that  a  re¬ 
searcher  in  the  future  could  obtain  analog  data,  the  auxiliary 
information  with  it,  and  reanalyze  it  if  desired.  It  was 
thou^t  that  there  was  no  real  recommendation  to  establish  a 
library  but  it  was  felt  that  if  one  were  established  it  would 
motivate  increased  data  analysis  by  researchers  which  was 
considered  to  be  a  positive  factor  for  its  establishment.  The 
cost  of  such  a  libra^  was  then  and  is  now  still  unknown.  A 
positive  factor  though  is  that  if  it  could  be  established  at  a 
government  facility  then  it  would  be  cost  effective  in  the 
sense  tiiat  it  would  be  readily  accessible  and  there  would  be 
no  penalty  for  low  usage.  If  the  library  were  properly 
established  that  in  itself  would  motivate  increased  use.  The 
lilwary  should  contain  both  raw  and  corrected  data  and  al¬ 
most  everyone  agreed  that  there  should  be  no  processing  cap- 
abQity  associated  with  either  the  archive  or  the  library.  In 
fact,  when  people  retrieve  data  from  either  the  archive  or  the 
library  they  should  do  their  own  processing  and  almost  all 
agreed  that  is  the  way  to  do  it;  that  is,  they  didn’t  want  some 
other  organization  processing  their  daU.  Finally  it  was  felt 
that  users  should  be  consulted  in  planning  either  the  archive 
or  the  library  as  it  developed,  so  ^at  users  desires  could  be 
factored  into  the  development  of  these  two  functions. 

Finally  the  recommendation  made  by  the  Data  Analysis 
Working  Group  was  to  take  immediate  steps  to  stop  the  de¬ 
struction,  loss,  and  deterioration  of  existing  data.  We  are 
referring  primarily  to  the  nuclear  data  and,  believe  it  or  not, 
there  has  been  some  loss  both  from  losing  the  data  and  the 
deterioration  of  the  material  to  the  point  where  it  is  not  use- 
able.  A  data  archive  should  very  definitely  be  established. 

The  analog  tapes  and  other  auxiliary  information  in  that  data 
archive  should  be  at  DASIAC.  The  Defense  Nuclear  Agency 
should  entertain  plans  for  developing  a  data  library  and  if  the 
library  is  established  it  should  be  located  at  a  government 
facility,  pieferably  at  the  Defense  Nuclear  Agency  computer 
which  at  the  present  time  is  in  Albuquerque,  N.M.  The  Data 
Analysis  Working  Group  established  a  priority  list  of  data  to 
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be  added  to  the  master  file  and  topping  the  list  was  the  old 
nuclear  data  which  was  in  dire  jeopardy  of  being  lost  and 
then  following  that,  new  and  cunent  HE  tests  should  be 
added  to  the  file.  If  a  question  of  priorities  arose  then 
ground  shock  should  take  priority  over  air  blast  information, 
higher  yield  data  should  take  precedent  over  lower  yield  data, 
and  finally  if  there  were  funds  available  then  structures  data 
should  be  added  to  the  file.  The  Data  Analysis  Working 
Group  also  recommended  that  it  be  used  as  a  committee  to 
guide  activities  for  the  development  of  the  library  and  pre¬ 
sumably  also  of  the  archive.  At  the  present  time,  I  believe 
that  the  Defense  Nuclear  Agency  is  acting  on  these  recom¬ 
mendations. 


Major  Spangler:  Our  last  presentation  will  branch  out 
not  only  into  data  management  but  perhaps  provide  more 
knowledge  about  information  management  which  may  be  of 
interest  to  many  of  you  in  the  audience. 

Mr.  Martin  (General  Electric/Tempo):  DASIAC  is  an 
information  bank  that  may  be  of  some  peripheral  interest  to 
the  Shock  and  Vibration  community.  It  is  an  information 
activity  which  General  Electric  has  operated  for  the  Defense 
Nuclear  Agency  for  over  15  years.  It  is  one  of  the  informa¬ 
tion  analysis  centers  sponsored  by  the  Defense  Nuclear 
Agency.  The  subject  scope  is  nuclear  weapons  effects,  simu¬ 
lations,  and  related  topics.  It  is  similar  to  the  shock  and 
vibration  group  that  is  sponsoring  this  meeting.  It  sort  of 
crosses  classical  disciplines  and  provides  a  variety  of  informa¬ 
tion  services  for  the  Defense  Nuclear  Agency  contractors  and 
other  Department  of  Defense  people  when  they  are  bonafide 
and  established.  It  has  an  information  collection  of  books, 
technical  reports,  dau  from  past  nuclear  weapons  tests  and 
simulation  efforts,  and  computer  generated  data  files.  The 
instrumentation  records  are  in  the  form  of  picture  films, 
oscilloscope  films,  strip  charts,  a  wide  variety  of  a  hetero¬ 
genous  nature.  Our  customers  are  primarily  contractors  in¬ 
terested  in  weapons  effects  and  for  you  this  means  impulsive 
loading  so  there  is  a  small  overlap  between  the  Shock  and 
Vibration  community  and  our  subject  interest. 

The  people  in  our  community  use  many  of  the  tools  for 
predicting  the  response  that  the  Shock  and  Vibration  com¬ 
munity  has  developed  and  they  have  probably  supported  the 
forcing  functions  for  hardened  systems  that  many  of  you 
may  have  worked  on.  We  have  a  broad  variety  of  people  who 
use  the  center.  We  are  prepared  to  do  something  for  those 
who  develop  the  handbooks  on  which  design  engineers  base 
their  work,  those  who  contribute  and  also  use  the  center,  and 
those  who  are  merely  users  who  need  to  know  an  answer,  and 
we  may  only  see  them  once.  Our  users  are  primarily  spon¬ 
sored  researchers  we  see  very  few  individual  seekers  after 
truth.  We  provide  the  usual  bibliographic  type  services;  we 
provide  summaries  of  our  data  base,  special  compilations, 
limited  publication  services,  and  a  variety  of  miscellaneous 
information  services  such  as  the  distribution  of  certain  well 
used  nuclear  weapons  effects  computer  codes.  Our  data 
management  process  is  very  simple.  We  have  data  that  ate  of 
a  very  heterogenous  nature,  and  as  I  pointed  earlier,  the  use 
of  any  single  file  is  rather  small  so  we  can’t  afford  to  build  a 
computer  system  to  retrieve  and  display  a  single  gaged  re¬ 
cord.  If  somebody  wants  that  sort  of  thing  we  go  to  the  shelf 
pull  it  off  and  say  here  it  is. 
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I  would  like  to  discuss  the  various  data  management 
approaches,  perhaps  pick  up  some  of  the  threads  that  were 
mentioned  yesterday  in  the  invited  papers,  and  perhaps  get  a 
little  idea  of  the  data  management  techniques  that  the  Shock 
and  Vibration  community  has  developed.  I  want  to  make  a 
distinction  between  data  and  useful  information.  There 
ate  people  who  say  “we  have  data  up  the  kazoo,”  what  they 
need  is  little  information.  We  are  in  a  situation  where  we  can 
generate  many  more  numbers  than  we  can  usefully  handle 
both  in  experiments  and  computer  code  predictions.  I  think 
one  way  of  handling  these  things  is  in  the  systems  that  Glen 
Wadlei^  and  Jim  Malthan  described.  The  computer  is  used 
as  a  housekeeping  and  bookkeeping  system  that  not  only 
retrieves  the  data  for  you,  if  experimental  records  are  stored, 
but  it  may  also  perform  various  operations  on  the  data  to 
translate  it  into  meaningful  information  for  the  user.  I  think 
all  these  things  are  methods  of  data  management.  'The  direct 
numerical  retrieval  of  data  includes  the  retrieval  of  experi¬ 
mental  data  arrays,  the  strong  motion  data  of  the  National 
Oceanic  and  Atmospheric  Administration  bank,  our  blast  and 
ground  shock  data  bank,  and  the  vibration  data  bank  at  Con- 
vair.  The  Defense  Nuclear  Agency  has  been  involved  in  the 
development  of  files  of  various  physical  constants  that  con¬ 
sists  of  non-experimental  material  that  has  been  evaluated. 

A  best  value  is  put  on  a  computer  tape  and  you  can  get  these; 
this  is  another  sort  of  numerical  retrieval.  Finally  there  is 
another  data  bank.  The  Defense  Nuclear  Agency  and  the 
Army  sponsors  one  where  the  Harry  Diamond  Laboratories 
accumulates  and  retrieves  a  limited  number  of  parameters  of 
data  on  the  response  of  transistors  to  radiation  effects.  I 
think  that  the  direct  numerical  retrieval  of  data  is  in  good 
shape.  That  is  there  is  a  great  deal  of  work  to  be  done  but  at 
least  the  factors  can  he  analyzed.  You  can  say  that  one  per¬ 
son  has  done  it  better  or  worse,  and  that  their  use  or  demand 
is  measurable  and  can  be  compared  with  the  expense  of  set¬ 
ting  up  the  data  bank.  You  can  determine  if  there  is  enough 
call  to  do  ail  of  the  record  processing.  Throughout  the  sci¬ 
entific  community  we  are  generating  reams  and  reams  of 
numbers.  With  these,  it  is  at  least  possible  when  you  talk 
about  retrieving  numerical  data,  to  sort  of  get  some  handle 
on  whether  it’s  an  economic  activity. 

Document  retrieval  is  the  second  form  that  is  directly 
numerical,  and  this  is  what  Mr.  Kolb  mostly  talked  about.  I 
do  not  think  that  this  is  in  very  good  shape.  He  mentioned 
something  about  the  three  year  half  life  of  published  sci¬ 
entific  information.  I  think  this  means  that  the  half  that  is 
thrown  out  after  three  years  is  probably  junk  to  begin  with. 
We  are  at  sea  in  paper!  But  some  of  this  is  required  by  con- 
tractural  obligations  and  the  person  who  sponsors  research 
wants  his  pound  of  flesh.  So  the  experimenter,  reluctantly  or 
not,  writes  up  his  inch  and  three  quarters  of  paper  and  sends 
it  in.  Then  it  is  duplicated  23  times  and  sent  to  some  people, 
the  Defense  Documentation  Center,  the  National  Technical 
Information  Service,  and  it  gets  into  various  data  banks.  We 
see  the  kinds  of  curves  that  Mr.  Kolb  showed  us  are  growing. 

1  would  like  to  pose  some  possible  ways  in  a  community 
where  this  sort  of  thing  could  possibly  be  handled.  The 
March  1977  issue  of  the  Shock  and  Vibration  Digest  had  an 
editorial  on  review  papers.  This  picks  up  the  theme  that 
Dr.  Lewis  M.  Branscomb  wrote  in  an  editorial  in  “Science” 
several  years  ago;  that  is  there  are  implications  for  funding 
agencies  to  spend  a  little  more  time  reviewing  what  they  are 
doing  instead  of  simply  going  ahead  and  doing  something. 
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There  are  things  that  the  agencies  might  do  instead  of 
•equiring  contractural  reports.  Perhaps  if  there  is  any  sig¬ 
nificance  to  the  work,  that  is  if  it  is  anything  that  should  be 
published,  it  should  be  submitted  in  the  form  of  an  article  to 
the  proper  professional  journal  where  the  author’s  peers  can 
evaluate  it  and  it  may  or  may  not  be  published.  Within  the 
allocation  of  federal  funds,  a  certain  measure  of  peer  review 
exists.  This  meeting  is  one  example.  I  was  appalled  when 
Mr.  Kolb  said  that  heexpected  a  truckload  of  references  when 
he  tapped  out  shock  and  vibration  on  his  terminal.  I  can’t 
imagine  how  anybody  would  want  a  truckload  of  references 
about  anything!  It  seems  that  this  is  what  we  want  to  avoid. 
However  I  can’t  personally  complain  because  the  truckloads 
of  references  provide  a  job  or  a  little  bit  of  insurance  for  me. 
But  I  think  we  are  seeing  a  build  up  or  an  entropy  in  the  sci¬ 
entific  and  engineering  field  where  for  each  dollar  spent  in 
research  less  is  spent  in  actual  search  and  more  is  spent  in 
documentation  and  shuffling  papers  back  together.  Some  of 
this  is  consistent  with  the  graphs  Mr.  Kolb  presented  where  it 
showed  that  back  in  the  “old  days"  half  of  the  work  force 
was  doing  reasonable  work  but  now  95%  of  the  people  are 
doing  what  he  called  information  services.  Maybe  there  is  a 
certain  amount  of  feather-bedding  in  this,  it  provides  work, 
and  certainly  many  of  us  would  be  out  of  it  if  it  was  just 
honest  work  done.  However,  still  being  involved  in  it  one 
would  like  to  see  some  improvement  in  documentation  as  far 
as  possible.  So  many  of  our  problems  are  future  problems. 

It  is  implied,  especially  in  the  engineering  and  scientific  com¬ 
munity,  that  there  is  a  technological  fix  and  that  we  can 
escape  the  seemingly  inescapable  growth  problems  because 
we  will  figure  out  something  to  do.  Well  if  you  look  at  this 
sort  of  growing  entropy  in  the  research  effort,  you  come  to 
the  conclusion  that  there  may  not  be  a  technological  fix  be¬ 
cause  we  have  this  growing  bunch  of  people  and  the  research 
dollar  buys  less  and  less  research. 

Major  Spangler:  This  afternoon  you  have  heard  a  de¬ 
scription  of  a  number  of  different  attempts  within  the  Shock 
and  Vibration  community  to  address  data  management.  I 
think  Ed  Martin  has  said  that  we  should  be  careful  to  make 
the  best  use  of  all  of  this  data,  convert  it  into  useful  informa¬ 
tion,  and  make  it  available  to  everyone  in  the  proper  form. 

Mr.  Kennedy  (Defense  Nuclear  Agency):  We  have  heard 
references  to  some  biblical  data  and  I  know  of  the  shambles 
that  the  nuclear  data  base  is  in  right  now  as  far  as  actually 
putting  it  into  a  computer.  What  are  your  thoughts  on  taking 
the  existing  data  as  it  stands,  be  it  in  the  Bible,  oscillographs, 
or  what  not,  and  actually  putting  it  into  a  computer?  This 
seems  to  be  a  big  bottleneck  and  a  large  cost  factor  especially 
for  nuclear  data. 

Mr.  Malthan:  While  it  may  take  months  or  perhaps 
years  to  find  the  data,  and  even  if  it  takes  longer  to  digitize 
and  reformat  it,  it  is  the  kind  of  thing  thac  can  be  worked  out 
so  that  the  problem  doesn't  seem  to  be  very  severe.  That  is 
you  can  get  the  data  into  the  computer,  but  now  what?  One 
of  the  great  surprises  in  the  Defense  Nuclear  Agency  work 
was  that  people  didn’t  use  it!  There  are  5000  channels  of 
very  pertinent  information  addressing  problems  of  great  un¬ 
certainty;  for  example,  there  is  information  in  the  master  file 
that  would  provide  some  enlightenment  on  cratering.  Why 
didn’t  they  use  the  master  file  even  when  you  offered  to 
search  it  for  them  free  of  charge?  There  are  probably  a 


number  of  reasons  for  that.  First,  and  one  that  1  have  never 
stated  before,  is  the  “but  it’s  not  invented  here”  syndrome; 
that  is  if  someone  hasn’t  devised  this  procedure  himself  then 
he  is  skeptical  about  using  someone  else’s  ideas  and  I  can  see 
some  of  that.  Second,  it  would  have  been  nice  had  the  re¬ 
searchers  come  to  this  conclusion  that  they  needed  this  data 
and  would  have  given  some  sort  of  guidance  to  the  Defense 
Nuclear  Agency  to  do  this.  As  a  matter  of  fact  the  reverse 
occurred.  The  Defense  Nuclear  Agency  was  the  one  that 
decided  that  the  master  file  should  be  created  and  that  the 
researchers  would  almost  surely  flock  to  that  data  to  use  it, 
and  that  didn’t  happen.  There  are  other  criticisms;  it  is  too 
cumbersome,  you  have  to  walk  across  the  room,  you  have  to 
pick  up  a  phone  in  order  to  get  the  data  out,  sometimes  it  is 
slow  coming  out,  and  by  the  time  someone  gets  the  data  he 
wanted  he  has  forgotten  why  he  wanted  it.  A  number  of 
these  issues  come  to  light  but  somehow  it  leads  to  the  fact 
that  even  if  you  had  a  master  file  created  of  all  this  data,  I  am 
not  really  sure  if  it  would  be  used.  To  some  extent,  it  is 
easier  to  go  out  and  run  a  new  test. 

Mr.  Rinehart:  The  Geological  Survey  digitized  all  of  the 
strong  motion  data  since  there  were  only  2000  records. 

There  is  a  vast  quantity  of  data  there  that  will  never  be  used, 

I  know  that.  We  get  two  requests  a  month  for  strong  motion 
data  and  usually  we  send  this  out  on  punched  cards.  I  also 
have  another  data  file  that  comes  in  digital  fashion  and  so  far 
we  have  no  requests  for  it;  we  have  advertised  it  in  the 
journals  and  we  sent  out  fliers.  I  suspect  it  will  be  an  impor¬ 
tant  thing  in  earthquake  predictions  since  it  is  ultra  long 
period  seismic  data  and  perhaps  the  researchers  are  not  aware 
of  it  yet.  As  far  as  going  to  the  Bible  or  any  other  source, 
usually  I  get  data  from  people  who  are  interested  in  a  partic¬ 
ular  area.  It  might  be  a  Yugoslavian  who  wanted  to  study  the 
Balkan  area  and  so  he  had  to  go  to  any  source  he  could  find. 
There  is  a  scholar  in  London  who  looked  into  earthquakes 
back  to  the  year  2000  B.C.  and  he  read  the  Odyssey  and 
found  one  earthquake  there.  So  these  data  come  to  us 
usually  in  listings  which  we  simply  have  to  have  key 
punched. 

Major  Spangler;  One  of  the  general  conclusions  that  we 
came  to  as  a  panel  is  that  there  are  a  number  of  other  in¬ 
formation  centers  that  exist  that  haven't  been  discussed.  One 
of  the  things  that  has  been  experienced  in  attempting  to  pro¬ 
vide  an  information  center  for  a  broad  spectrum  of  users  is 
the  fact  that  you  can’t  dictate  the  user  going  to  that  file  or 
that  information  center  and  using  it.  Many  of  these  ver\ 
broad  spectrum  information  centers  have  languished  from  the 
standpoint  of  the  number  of  users  or  any  requirement  for 
them  and  they  are  having  a  very  difficult  time  making  it  just 
because  people  don't  go  to  the  file;  it  is  trouble.  It  is  more 
difficult  than  going  to  something  you  have  in-house,  running 
a  new  test,  or  a  new  idea  that  \  cni  tan  readily  sell  betaii.se  it 
is  identifiable.  It  is  very  difficult  to  sell  anjilysis  of  past  data. 
So  the  broad  spectrum  data  managainent  tenters  appear  to 
have  had  some  difficulties  whereas  some  of  the  more  partie- 
ular  .s\ stems,  such  as  those  th.it  have  la-en  discussed  in  a 
couple  of  instances  here,  have  done  quite  well  because  the 
users  have  actually  demanded  or  provided  the  requirement 
for  setting  up  that  particul.ir  system  and  thev  have  also 
shown  that  there  is  a  user  need.  I  think  that  is  .i  problem 
th.'ii  we  have  noticed  across  the  board 
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Voice;  With  regard  to  computerizinc  all  of  the  data 
sourcea,  you  can  put  a  wealth  of  data  in  the  computer  but  if 
people  don’t  have  terminals  available,  or  if  they  don’t  request 
the  information,  then  they  are  not  using  it  and  I  think  you 
are  fighting  a  losing  battle  to  keep  it  on  the  computer.  At 
today’s  costs,  even  for  disc  storage  of  information,  it  will  run 
up  your  cost  to  operate  that  data  center.  So  if  you  don’t 
have  a  rather  large  user  area  where  you  are  getting  requests, 
and  if  they  don’t  have  to  have  fast  turnaround  where  you  can 
give  them  the  data  within  an  hour  or  two  manually,  they 
would  only  get  it  60  or  70  minutes  faster  if  they  had  a 
terminal.  They  may  not  even  get  it  that  fast  if  the  terminal  is 


down.  I  think  you  have  to  weigh  this  in  your  data  centers  of 
the  future  as  well  as  data  centers  that  are  currently  in  ex¬ 
istence.  Recently  we  have  heard  of  two  or  three  data  centers 
that  were  operational  on  the  computer,  and  they  are  just 
about  to  be  sold  off.  They  will  shut  them  down  because  they 
don't  have  enough  users  to  justify  the  coat  for  the  computers 
and  terminals  that  are  involved  in  the  data  bank  operations 
these  days.  So  that  is  something  to  considw  when  you  set 
up  data  bank  or  when  you  have  data  that  have  been  taken 
either  by  analog  or  some  other  means  you  want  to  convert 
it  to  a  data  center. 


f 


MODAL  TEST  AND  ANALYSIS 


FORCE  APPORTIONING  FOR  MODAL  VIBRATION  TESITNG 
USING  INCOMPLETE  EXCITATION 


G.  Morosow 

Martin  Marietta  Corporation 
Denver,  Colorado 

R.  S.  Ayre 

University  of  Colorado 
Boulder,  Colorado 


A  technique  is  presented  for  determining  the  shaker  forces  necessary 
to  Isolate  a  mode  during  a  modal  vibration  test.  The  approach  re¬ 
quires  no  prior  knowledge  of  the  model  and  is  particularly  usable  for 
structures  with  high  modal  density. 


INTRODUCTION 

A  modal  vibration  test,  or  a  modal  survey 
as  It  Is  sometimes  referred  to,  Is  a  test  Im¬ 
posed  on  a  structure  with  the  purpose  of  esta¬ 
blishing  or  estimating  its  modal  parameters.  A 
modal  vibration  test  is  performed  by  applying 
one  or  more  exciters  or  shakers  to  the  struc¬ 
ture  being  tested  and  then  driving  it  sinusoi¬ 
dally,  randomly  or  by  a  specified  transient 
force.  In  general,  the  testing  can  be  done  in 
either  the  frequency  domain  or  the  time  domain. 
The  material  presented  in  this  paper  pertains 
to  sinusoidal  testing  only. 

From  a  practical  point  of  view  it  is 
difficult,  if  not  impossible,  to  achieve  pure 
resonance  in  a  test.  A  pure  mode  exists  only 
if  damping  forces  are  in  equilibrium  with  the 
applied  forces  at  each  point  throughout  the 
structure.  Because  in  a  real  structure  the 
dissipative  forces  are  distributed  continu¬ 
ously  throughout  the  structure,  it  is  impos¬ 
sible  to  achieve  a  strict  equilibrium  between 
applied  and  damping  forces  everywhere  in  the 
structure  if  only  a  finite  number  of  exciters 
is  used.  Continuous  aerospace  structures  can 
be  represented  reasonably  well  by  dynamic 
models  on  the  order  of  several  hundred  degrees 
of  freedom.  It  would  be  impractical  and  physi¬ 
cally  impossible  to  use  that  many  exciters. 

The  practical  limit  is,  perhaps,  ten  to  sixteen 
exciters,  but  more  commonly  six.  In  this  case 
the  damping  forces  throughout  the  structure 
will  not  be  cancelled  at  their  points  of  origin 
and  the  condition  for  the  existence  of  a  true 


normal  mode  will  not  be  achieved. 

The  method  presented  In  this  paper  is 
based  on  the  multiple  exciter,  luned  dwell 
approach  originally  developed  by  Lewis  and 
Vfrisley  (1)*.  Their  intent  war,  to: 

produce  in  a  complex  structure,  by 
means  of  adjustable  forces,  oscil¬ 
lations  that  consist  essentially 
of  one  natural  mode. 

The  majority  of  modal  vibration  tests  per¬ 
formed  during  the  last  10-15  years  was  based 
on  the  Lewis  and  Wirisley  approach.  In  general, 
an  iterative  adjustment  of  lorct  ratios  and  the 
excitation  frequency  is  usod  to  minimize  the 
phase  differences  among  various  points  on  the 
structure  and  to  bring  all  tho  di  aplacer.io.nt  or 
acceleration  measurements  into  unadratuvo  v;Lti: 
the  excitation  forces,  ft  is  basically  a 
manual,  iterative  phase-optimi  ::atic>n  process 
which  is  laborious  and  time  consuming.  Muct> 
depends  upon  the  degree  of  s)dll  of  test  per¬ 
sonnel  and  their  faniiliarit;  of  the  structure. 

Several  papers  on  stiakui  i  nvre  api'cvti  oil¬ 
ing  were  published  in  Europ'  .  :'nc  ■ ;  r  i- -xi  y ,  i  u 
1968  Deck  (2)  published  a  p.i|'''(  il>r  sniiorl 
using  a  semiautoimited  metliod  to  I'hn'u  a  phase 
coherence.  Prior  to  this  in  IDG'i  tlcVri'rs  i  ') 
discussed  the  problem  of  deto  i  d  u  i  i,-  the  c- ci¬ 
tation  forces. 


■'  Tlv  iiunbors  shown  in  pa>  or n  e  th" 
references  given  at  the  end  of  the  papei . 
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He  considered  this  problem  to  be  the  most 
difficult: 

Determining  the  excitation  forces  Is  at 
the  same  time  the  most  Important  and 
the  most  difficult  problem  In  vibration 
testing. 

With  n  available  exciters  It  Is  possi¬ 
ble  to  eliminate  (n-1)  modes.  This 
statement  Is,  however,  of  very  little 
practical  value  because  the  modes  can 
be  eliminated  only  for  one  certain 
distribution  (a  prior  unknown)  of 
excitation  forces,  the  study  of  which 
would  necessitate  a  displacement  of 
the  exciters,  and  would  be  Impossi¬ 
ble  to  achieve  In  the  event  that 
certain  elements  of  the  structure 
should  be  Inaccessible. 

He  developed  an  approach  using  additional 
artificial  damping  supplied  by  the  shakers  to 
complement  nonproportional  damping  and  to  con¬ 
vert  It  to  proportional  damping.  In  this  way 
he  decoupled  the  system  of  equations  and  elim¬ 
inated  one  source  of  error.  There  Is  no  dis¬ 
cussion  regarding  the  errors  due  to  Incomplete 
excitation  or  higher  mode  Interaction. 

Jamison  and  Tao  (4)  developed  an  approach 
for  shaker  force  apportioning  using  pretest 
analysis  as  a  basis.  They  formulated  an  opti¬ 
mization  problem  using  a  Lagrange  multiplier 
technique.  In  this  approach  modal  displace¬ 
ments  must  be  known, 

Asher  (5)  suggested  an  approach  whereby  an 
experimentally  determined  admittance  matrix  Is 
used  to  determine  the  natural  frequencies  and 
the  force  ratios  required  to  obtain  the  best 
approximation  to  a  corresponding  natural  mode. 

However,  the  methods  discussed  cannot 
guarantee  that  a  usable  mode  will  be  obtained 
under  all  circumstances.  The  most  Important 
factor  Is  a  judicial  placement  of  shakers. 
Unless  a  great  nuadier  of  shakers  Is  available 
where  for  each  mode  the  "optimum"  subset  la 
used,  the  skill  of  the  test  conductor  may  mean 
the  difference  between  a  successful  test  and  a 
set  of  unusable  data. 

The  method  proposed  does  not  alleviate  the 
shaker  placement  problem.  However,  It  provides 
the  test  director  with  a  set  of  shaker  force 
ratios  for  the  mode  to  be  Isolated  for  the 
shaker  locations  specified.  An  error  In  modal 
displacements  can  also  be  assessed  providing, 
thus,  a  criterion  for  terminating  the  Iterative 
process. 


THE  problem 

There  are  three  sources  of  error  In 
experimental  modal  data  If  the  number  of 


shakers  Is  small  In  coiq>arlson  to  the  total 
number  degrees  of  freedom.  The  first  error 
stems  from  the  fact  that  If  the  force  ratios 
are  not  proportional  to  the  damping  or  dissi¬ 
pative  forces  present  at  each  shaker  attachment 
point,  a  residual  phase  lag  will  be  present  In 
the  modal  displacements. 

The  second  source  of  error  conms  from  the 
interference  of  neighboring  modes  with  the  nude 
excited.  Each  nx>de  responds  to  a  sinusoidal 
excitation  at  any  frequency.  This  response  Is 
ssmll  unless  the  excitation  frequency  Is  In  the 
Immediate  vicinity  of  the  mode's  resonant  fre¬ 
quency  as  shown  in  Figure  1.  Even  though  this 
response  is  relatively  small  at  the  frequency 
of  the  mode  to  be  excited.  It  adds  to  the  dis¬ 
tortion  of  data  and  must,  therefore,  be  removed 

The  third  source  of  error  is  damping  at 
the  mass  points  that  is  not  proportional  to 
either  the  mass  or  stiffness  matrix  terms.  We 
call  this  nonproportlonal  damping.  In  this 
case,  although  the  modal  mass  and  stiffness 


Figure  1.  Modal  Interference 


matrices  are  diagonal,  the  modal  damping  matrix 
is  not.  This  provides  coupling  forces  among 
the  modes,  and  all  modes  will  respond  to  some 
extent  to  an  excitation  apportioned  to  excite 
a  single  mode. 

The  approach  taken  In  this  paper  tends  to 
reiaove,  intrinsically,  the  first  two  sources 
of  error.  The  case  of  nonproportlonal  damping 
Is  not  considered  In  this  study.  The  method 
proposed  uses  an  Iterative  scheme  that  sup¬ 
presses  the  undeslred  responses  in  the  modes 
with  frequencies  In  close  proximity  to  the 
desired  mode.  This  approach  uses  only  experi¬ 
mental  data  and  Is  Independent  of  knowledge  of 
the  analytical  model.  The  process  consists  of 
obtaining  the  dynamic  Influence  coefficient 
matrix  by  performing  frequency  sweeps  with  one 
shaker  at  a  time.  Then,  using  such  an  experi¬ 
mental  Influence  coefficient  or  admittance 
matrix,  an  Iterative  process  is  Initiated  using 
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a  digital  computer.  The  process  is  terminated 
when  a  set  of  shaker  forces  is  found  Which  pro- 


(-0,2  [l]  +[x+Jg][<^^  ]){«(-)}  =  {q(w)}(1) 


where  is  the  driving  frequency  and  is 
the  natural  frequency.  The  modal  masses  have 
been  normalized  to  unity  by  the  following 
transformation 


where  {  F(b>)  )  is  the  vector  of  discrete 
applied  forces,  yield  the  admittance  form  of 
the  equations  of  motion  in  discrete  coordinates 


H  H  [*]*■['] 

and  similarly 

H  H  [*]'■  N]  • 

The  modal  coordinates  f  are  related  to  the 
discrete  coordinates  q  by  the  transformation 


(2) 


(3) 


I  f(w)|  =  |q(ai)| 


(4) 


Finally,  because  a  linear  system  is  considered, 
the  actual  amplitude  of  motion  is  irrelevant 
and  the  following  normalized  form  of  the  force 
vector  can  be  used; 


The  modal  matrix  [(8  ]  is  a  square  nxn  matrix 
relating  n  modes  to  n  structural  locations. 
Although  either  viscous  or  hysteretlc  damping 
can  be  used,  hysteretlc  damping  g  was  selected 
as  more  representative  for  engineering  struc¬ 
tures.  Finally,  the  vector  |  Q  |  Is  the  vector 
of  generalized  or  modal  forces. 

Equation  (1)  can  be  written  In  Its  complex 
modal  admittance  form 

{f(w)}  -  (["hrCu.)]  +  J  ['hi(u))])  {q(w)},  (5) 


I  F(w)|  »  a  I  a(u>)| 


(13) 


where  the  largest  amplitude  of  |  a  (w) |  Is 
normalized  to  unity.  Equation  (13)  can  be 
written  in  terms  of  coincidental  and  quadrature 
components  such  that 

|qR(w)|  -  a  |^DR(w)j|o|  and  (14) 

|qj(tv)|  -a  [Di(<v)j|o|  .  (15) 


duces  natural  mode  shapes  that  contain  the 
least  possible  contamination  with  other  modes. 

II 

(i-n^) 

(6) 

-'.V.  .* 

(1-0^)  2 

•  '  J 

APPROACH 

In  the  derivation  of  the  method,  certain 

[Hj(U)j  - 

g 

(7) 

.  *  a  •  . 

assumptions  were  made.  These  are: 

(i-n^)^  +  g^ 

•  the  model  is  linear  and,  therefore,  the 
superposition  of  modal  responses  holds; 

and  n  = 

X  n 

- 

• 

•  only  proportional  damping  Is  considered; 

•  all  shaker  forces  are  phase-coherent, 
i.e.,  they  are  In  phase  or  180  degrees 
out  of  phase  among  themselves;  and 

•  the  approach  Is  derived  for  a  discrete 
system.  By  inference  the  method  Is 
applicable  to  continuous  systems. 

The  subscripts  R  and  I  define  the  real  and 
Imaginary  parts  of  the  complex  admittance 
matrix. 

The  transformations 

J'""  Vv"*. 

jf(<*')}  = 

1  q(w)| 

and 

(8) 

The  modal  equations  of  motion  in  the  fre¬ 
quency  domain  are 

1  Q(ij)  1  « 

[0]^{p(w)j  , 

(9) 

”,  -■  ■-*.v 

{  q(“)}  -  (  [Dr(“)]  +  j  [Di(w)J  ) 

|f(u;)|(10) 

where 

.  • 

[DR(a»]  -  [t] 

[hr(cv)]  [ny 

and  (11) 

W,  IT"*!*' 

^Di;(w)j  = 

[%(«)]  [o]’' 

.  (12) 

T- 

>.V 
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An  example  showing  the  total,  coincidental  and 
quadrature  response  components  Is  shown  In  Fig, 
2.  Both  the  real  (coincident)  and  the  Imagin¬ 
ary  (quadrature)  admittance  matrices  contain 
complete  Information  about  the  system.  How¬ 
ever,  the  quadrature  admittance  matrix,  eval¬ 
uated  at  a  resonance,  contains  large  numerical 
terms  In  comparison  to  the  coincident  admit¬ 
tance  matrix  which  In  many  cases  has  terms 


Figure  2.  Frequency  Response  of  a 
Uniform  Beam 
(Ref. 9  ) 


close  to  zero;  the  quadrature  admittance 
matrix  Is  better  conditioned  and,  therefore, 
easier  to  work  with,  especially  If  the  data  la 
experimental  end  contains  noise. 

There  Is  only  one  unique  force  vector 
|a^|  ,  called  the  modal  force  vector*,  that 
will  excite  only  one  natural  mode  j^l}  .  If 
we  remove  some  of  the  shaker  forces  from  joi} 
and  replace  them  with  zeros,  the  resulting 
vector  I  at {  I  Is  no  longer  a  proper  vector  to 
excite  a  natural  mode  and  the  ensuing  response 
vector  {qi|  will  contain  responses  of  other 
modes.  A  complete  set  of  modal  force  vectors, 
one  for  each  mode,  consists  of  n  Independent 
vectors.  Any  arbitrary  force  vector  can  be 
expressed  In  terms  of  these  vectors.  An  In¬ 
complete  force  vector  can  be  considered  to  be 
an  arbitrary  vector  and,  therefore,  may  be 
expressed  as  a  linear  combination  of  modal 
force  vectors 


{“i}  •  ^  {“l}  {“n} 


*  also  known  as  principal  force  vector. 


where  Is  a  weighting  factor.  If  a  substi¬ 
tution  of  Eq.  (16)  Into  (15)  Is  made,  the  fol¬ 
lowing  expression  is  obtained, 

[“l<"ni)]  (^l{“l}  +  •••  +^n{“n})-rqifa7) 

Each  modal  forcing  vector  jai(  Is  related  to  a 


modal  displacement  vector  j  0i|  by 

\  [“l(“ni>]  {“i}  "  (^} 
and  similarly. 


(18) 


h)  ■  {‘j)  •  «’> 


The  contributions  of  spurious  modes  (J  1)  to 
the  mode  excited  (1) ,  are  usually  small  for  two 
reasons.  First,  the  factors  Vj  are  small,  and 
second,  the  product  of  the  admittance  matrix 
with  the  forcing  vector  Is  also  small  for  all 
but  the  i_^  term,  Eq.  (18).  If  the  modal  den¬ 
sity  Is  high,  the  terms  of  the  kernel  matrix 
[Hl(  u)  ni)]  ,  Equation  (12),  corresponding  to 
the  modes  close  to  the  mode  1  become  corres- 
pondly  larger  and,  therefore,  the  contributions 
of  spurious  modes.  Equation  (19)  are  also 
larger.  This  makes  It  more  difficult  to  Iso¬ 
late  a  mode  If  the  modal  density  Is  high. 

The  arguments  presented  above  let  us 
write  the  following  equation  relating  the 
response  to  the  excitation  by  an  Incomplete 
modal  force  vector 


[“l(‘^ni>]{“i}»{«i} 


(20) 


sxl 


nxl 


Several  Items  must  be  noted  In  this  equation. 
Firstly,  the  normalizing  instant  Jtos  1-ien 
omitted  and  the  vectors  {oi}  and  ..ave 

been  normalized  by  forcing  the  dominant  term 
to  unity.  Secondly,  the  order  of  the  forcing 
vector  has  been  reduced  to  be  consistent  with 
the  number  of  shakers  used,  s.  Thirdly,  a 
symbol  tilde  (~)  has  been  Introduced  to 
designate  an  approximation  to  the  correct 
iBodal  force  and  the  modal  displacement  vectors. 

We  select  now  a  number  (r-1)  which  desig¬ 
nates  the  number  of  modes  to  be  suppressed. 
Conversely,  r  means  the  number  of  modes  to  be 
suppressed  plus  one  mode  to  be  isolated. 

The  next  step  is  assemble  a  rectangular 
modal  displacement  approximation  matrix  by 
applying  r  equations 


[“■‘".I*]  !®i}  —  M  • 

nxs  sxl  nxr 


(21) 


Although  one  admittance  matrix  would  suffice 
to  obtain  the  needed  Information,  the  use  of  r 
matrices  (one  for  each  resonant  frequency  with¬ 
in  the  range  of  zero  to  r  modes)  provides  a 
better  numerical  accuracy,  especially  lAien 
working  with  experimental  numbei;;s. 

Now  that  the  first  approximation  to  the 
modal  matrix  Is  obtained,  we  will  use  It  to 
construct  an  Iterative  process  to  refine  the 
Initial  estimate  of  the  {^i{  .  The  equation 
used  Is  the  one  relating  the  discrete  and  modal 
forces 

“[^]M“i}  • 

“  {“1}  “  H'""  {‘^1} 

where  I  means  Inverse  of  a  transpose. 

For  the  case  on  hand  this  equation 
becomes 

idiere  the  symbol  x  means  a  pseudoinverse. 

Because  the  size  of  the  modal  force  vector 

Is  r,  reflecting  the  number  of  modes  to  be 
edited  ai^  suppressed,  the  size  of  matrices 
{sjand  {oil  must  be  adjusted  accordingly. 

This  means  that  the  error  is  corrected  only  at 
shaker  location  points.  No  control  over  the 
rest  of  the  structure  Is  acti'/ely  exercised. 
However,  as  explained  below,  tha  errors  are 
monitored  at  all  Instrumented  points  of  the 
structure.  The  pseudoinverse,  (ref.  6  and  7), 
Is  the  necessary  tool  to  obtain  an  inverse  of 
a  rectangular  matrix.  If  more  twdes  are  sup¬ 
pressed  than  the  number  of  shakers,  r>s,  the 
system  presents  a  least  square  solution.  If 
on  the  other  hand,  r^s,  the  solution  Is  an 
optimal  solution,  ref.  7. 

To  obtain  a  better  estimate  for  {ai|  ,  we 
purge  the  contribution  of  the  modes  to  be  sup¬ 
pressed  by  requiring  that  ]Qj[|  consists  of 
zeros  except  for  the  term  relative  to  the  mode 


*  A  concept  of  three-dimensional  matrices  is 
Introduced  here.  For  example,  n  x  s  x  r 
means  a  number  of  rows  (n)  by  a  number  of 
columns  (s)  by  a  number  of  matrices  (r). 


to  be  Isolated, 


%ihere 

- 1 

for 

1 

-  j 

and 

-  0 

for 

1 

*  i. 

By  apeclfying  the  position  of  unity  In  the 
Xronecker  delta  matrix,  to  coincide  with 
the  location  of  the  leode  to  be  excited,  a  new 
approximation  for  the  excitation  of  that  mode 
is  obtained. 

The  process  described  Is  an  Iterative 
technique.  It  Involves  a  computation  of  an 
approximate  modal  matrix,  assuming  an  initial 
trial  force  vector.  Then  the  contributions  of 
higher  modes  are  purged  and  a  new  force  vector 
is  obtained.  This  new  vector  Is  applied  to  the 
original  Eq.  (21)  and  the  process  Is  repeated. 
The  convergence  Is  smnltored  by  computing  an 
error  at  each  cycle.  The  discussion  of  an 
error  computation  will  follow. 

To  facilitate  comprehension  of  the  scheme 
all  pertinent  steps  and  equations  are  sum- 
siarlzed  and  presented  below. 

(1)  Determine  real  and  Imaginary  admit¬ 
tance  Diatrlces  from  test  at  all 
resonant  frequencies  of  Interest, 

[®R<«nl>]  [®I<«ni>]  • 

(2)  Select  an  Initial  trial  vector  for 
exciter  force  ratios  {a}(l)*  con¬ 
sistent  with  the  mode  being  excited. 

(3)  Perform  the  following  computation 

[“l<«ni>]  (22) 

nxsxr  sxlxr  nxlxr 

1*1,  2,  ...  r 


(4)  A»rable  a  complete  modal  matrix 
[0  J and  delete  rows  where  no 
exciters  are  present.  The  super¬ 
script  (1)  means  first  iteration. 


nxlxr 


sxrxl 


(5)  Invert  the  siatrlx  In  (23)  either  by 
a  regular  inversion  or  by  a  pseudo¬ 
inverse  process 


v.v.v; 


V  ' 
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TABLE  1 

Mode  Isolation  Process  for  IS-Oegree-of-Freedom  System 


Iteration  Mo. 
Mode  Excited- 


MOBMALIZED  MODAL  FORCES.  {q| 

2  3  4  5 


Modes 

Suppressed 


►Q 

2 

3 

4 

5 


OO-K?)  i'  1.004d 
■  4.21-8 
2.29-8 


LI 
8.14-5 
2.54-5 

9.49- 7 

4.50- 6 


5.27-8 

1-7.02-9 


Modes  Not 
Suppressed 


Mass  Point 
Number 


7 

-4.04-6 

-1,73-6 

-1.74-6 

-1.74-6 

-1.74-6 

8 

-9.11-7 

3.87-8 

4.44-8 

4.45-8 

4.45-8 

9 

-7.29-7 

-2,30-7 

-2,34-7 

-2.34-7 

-2.34-7 

10 

1.99-6 

5.17-7 

5.09-7 

5.09-7 

5.09-7 

11 

9.83-7 

-1,77-6 

-1.77-6 

-1.77-6 

-1.77-6 

12 

7.70-6 

8.16-6 

8.16-6 

8.16-6 

8.16-5 

13 

2.98-6 

3.28-6 

3,27-6 

3.27-6 

3.27-6 

14 

3.85-6 

3.00-6 

3.00-6 

3.00-6 

3.00-6 

15 

3.14-7 

-1,59-6 

-1.59-6 

-1.59-6 

-1.59-6 

16 

1.60-6 

1.33-6 

1.32-6 

1.32-6 

1.32-6 

17 

1.10-7 

-1.25-6 

-1.25-6 

-1.25-6 

-1.25-6 

18 

1.85-6 

2,24-6 

2.24-6 

2,24-6 

2.24-6 

NORMALIZED 

SHAKER  FORCES,  ja| 

1 

3 

1.00-K) 

2.56-1 

2.55-1 

2.55-1 

2.55-1 

6 

1.00-H) 

3.79-1 

3.80-1 

3.80-1 

3.80-1 

9 

1.00-K) 

7.04-1 

7.05-1 

7.05-1 

7.05-1 

12 

1.00-M) 

6.58-1 

6.58-1 

6.58-1 

6.58-1 

15 

l.OO-fO 

1.00-K) 

1.00-K) 

1.00-K) 

I.OO-k:’ 

16 

1.00-K) 

5.73-1 

5.74-1 

5.74-1 

5,74-: 

ERROR 

INDICATOR 

2.97-4 

2.49-5 

2.50-5 

2.50-5 

2.50-5 

ERROR 

INDICATOR 

1,44-2 

7.19-4 

7.17-4 

7.17-4 

7.17-4 

Notes:  1.  Damping  g  “  0.05 

Six  shakers  are  use- 


TABLE  2 

Modal  Parameters  for  the  System  With  the  Coupler 


WSBl 

Natural  Frequency, 

Hz 

Structural 

Damping,  g 

Case 

A 

B 

C 

D 

1 

2 

3 

Mode  1 

8.13 

8.13 

8.09 

7.99 

.05 

.25 

.05 

Mode  2 

16.22 

11.95 

8.77 

8.35 

.05 

.25 

.25 

Mode  3 

24.17 

24,06 

23.8 

23.69 

.05 

.25 

.05 

Mode  4 

32.00 

26.25 

24.8 

24.72 

.05 

.25 

.25 

Mode  5 

39.54 

39.13 

38.8 

38.75 

.05 

.25 

.05 

Mode  6 

46.90 

41.18 

40.5 

40.44 

.05 

.25 

.25 

Coupler 

IC 

c 

1 

1/10 

1/100 

1/1000 

Note:  ' 

rhe  12 

cases  Investigated  were  formed 
niimkar.  For  examols.  B2  case 

by 

taking  one 

letter 
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■T.OO-H) 

•'1.00-K) 

C  1.00-K)  )  --  -  .H 

-1.71-9 

-1,77-9 

■1.77-9 

1,59-9 

1,58-9 

1.58-9 

.  *  -  **  « 

-2.28-9 

•2,32-9 

•2.33-9 

3.09-9 

3,54-9 

3.54-S 

6.22-9 

6.19-9 

6.18-9 

• 

^  ■  k  •  a  _ 


.  C* 

►  W »  11 

^  O' 

^  *■>  -ay.-a 


•  -  A.* 

•  ^  ^ 


.  '  a  ^  a  ^  . 
,  *  % 

aV  ' 


^  V  ' 


• .  •  av-  .^y  v*'- . 


^  •  •  .  ’  m  ■  ".  O  •a'*  \’"  0’  V  O y.' 

-  mNV  > 


m 
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(6)  Compute  a  new  approximation  to  the 
forcing  vector  |  |  using  the 

following  recursive  formula 

sxlxr  sxrxl  rxlxr 


The  position  of  the  unity  in  the 
matrix  |Qi[  Is  determined  by  the 
position  of  the  mode  to  be  Isolated 
and  remains  fixed  for  the  duration 
of  the  Iteration  process. 

(7)  Repeat  the  process  using  Eq.  (22) . 

If  one  observes  Eq.  (24) ,  It  becomes  ap¬ 
parent  that  the  solution  exists  only  If  s  S  r, 
otherwise  the  matrix  product  In  the  parentheses 
becomes  singular  and  the  Inverse  does  not 
exist.  A  different  type  of  a  pseudoinverse  can 
be  used  In  this  case  representing  a  minimiza¬ 
tion  problem. 

The  error  In  modal  displacements  can  be 
evaluated  by  an  application  of  Eq.  (14) .  At 
resonance.  If  a  correct  modal  force  vector  Is 
used, 


{«i}  -  {»} 


If  an  Incomplete  force  vector  Is  used  In  Eq. 
(26),  specifically  {8^{|  ,  which  Is  obtained 
from  by  Inserting  zero  terms  at  locations 

where  there  are  no  shakers,  Eq.  (26)  becomes 


[V“ni>]  {“i}  • 


The  error  vector  {  0 }  represents  a  measure 
of  errors  In  modal  displacements.  To  obtain  a 
convenient  single  number  ^  as  a  measure  of 
error,  a  root- sum- square  of  Individual  terms 
can  be  used 


Another  measure  of  error 


used  In  examples 


presented  below  Is  based  on  the  difference  of 
modal  displacements  as  calculated  by  this 
algorithm  and  by  analysis,  assuming  that  analy¬ 
sis  produces  correct  mode  shapes: 


AKALTTICAL  SIMULATION 

Two  examples  have  been  selected  to  demon¬ 
strate  Che  technique.  These  Involve  an  analy¬ 
tical  simulation  of  the  test.  The  physical 
properties  are  shown  In  Fig.  3.  Six  shakers 
are  used.  Mode  1  Is  Isolated,  modes  2  through 
6  are  suppressed.  Table  1  shows  the  Iterative 
process  for  five  iteration  cycles.  For  the 
first  Iteration  cycle  all  six  shaker  forces 
were  arbitrarily  set  In  phase  at  unity  aiiq)ll- 
tude.  For  this  simple  example  convergence 
occurs  after  the  second  Iteration  cycle.  In 
computing  Che  error  Indicator  the  coincidental 
acceleration  vectors  were  normalized  to  be 
consistent  with  the  normalized  quadrature 
vectors. 

Another  example  consists  of  an  18-degree- 
of-freedom  mass-spring  model  with  a  coupler  In 
the  middle.  Fig.  4  shows  its  physical  charac¬ 
teristics.  The  intent  here  was  Co  obtain 
closely  spaced  pairs  of  natural  frequencies. 
These  are  shown  In  Table  2.  The  results  are 
shown  graphically  in  Fig.  5  for  two  cases  of 
coupler  stiffness,  ~  1/1  and  1/100.  The 
resolution  of  the  computer  plots  Is  not  suf¬ 
ficient  to  show  the  double  peaks  for  the 
~  1/100  case  except  for  Che  first  mode. 
After  five  Iteration  cycles  most  of  the  higher 
mode  contributions  disappear. 

Several  factors  affect  the  convergence 
rate  and  the  minimum  attainable  error.  The 
most  Important  Is  the  number  of  shakers  In 
conq>arlson  with  the  total  number  of  degrees 
of  freedom.  Also,  the  lower  modes  converge 
faster  than  higher  modes  as  shown  in  Fig.  6. 

In  some  cases,  especially  for  higher  modes, 
oscillations  in  the  convergence  curves  occur. 
No  explanation  for  this  phenomenon  is  offered. 

A  number  of  simulations  was  performed 
varying  structural  damping,  the  number  of 
shakers,  the  number  of  modes  suppressed,  etc. 
More  comprehensive  discussion  of  these  para¬ 
metric  studies  Is  offered  in  ref.  (8).  The 
following  conclusions  were  reached: 

The  algorithm  performs  well  under  condi¬ 
tions  found  during  the  actual  testing. 

In  cases  Investigated,  structural  damping 
coefficients  of  0.1  produced  acceptable 
convergence.  Also,  a  general  conclusion 
is  that  as  more  modes  are  used  in  the 
suppression  process,  less  suppression  is 
obtained.  Optimum  results  are  obtained 
If  the  number  of  modes  suppressed  is 
equal  to  the  number  of  shakers  less  one. 
Some  analyses  were  performed  with  random 
errors  Introduced  Into  the  admittance 
matrices  simulating  experimental  error. 
Also  errors  In  the  natural  frequencies 
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wen  einulated  to  Investigate  the  conver¬ 
gence.  In  all  cases  idiere  the  errors  did 
not  exceed  +10%  the  convergence  was  satis¬ 
factory. 

The  exanples  shown  denonstrate  the  basic 
feasibility  of  the  algorithm.  However,  the 
nal  proof  lies  In  using  the  actual  test  data. 
This  work  Is  being  done  at  the  present  tlsw. 
The  nsults  will  be  presented  at  a  later  date. 
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ON  THE  DISTRIBUTION  OF  SHAKER  FORCES 
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The  metnod  proposed  by  Asher  for  structural  dynamic  modal  testing  by  multiple- 
shaker  sinusoidal  excitation  is  reviewed,  and  its  theory  and  application  are 
discussed  in  detail.  Numerical  results  from  simulated  modal  testing  on  mathe¬ 
matical  structural  models  are  presented  to  illustrate  the  strengths  and  weak¬ 
nesses  of  the  method.  The  characteristics  of  these  models  include  damping 
which  couples  the  normal  modes  and  closely  spaced  modes.  Numerical  techniques 
required  for  implementation  of  the  method  are  described.  A  procedure  is  sug¬ 
gested  for  replacing  actual  mechanical  tuning  with  calculations  employing 
transfer  function  data. 


I.  INTRODUCTION 

Structural  dynamic  modal  testing  by  means 
of  multiple-shaker  sinusoidal  excitation  re¬ 
quires  some  method  for  specifying  shaker  forces 
so  as  to  isolate  or  tune  individual  modes  of 
vibration.  Asher  [1],  expressing  doubt  that 
other  methods  available  or  proposed  at  the 
time  (1958)  were  capable  of  separating  closely 
spaced  modes,  proposed  a  quantitative  method 
which  both  detects  natural  frequencies  and 
provides  the  force  distributions  for  multiple- 
shaker  tuning.  The  method  uses  only  experi¬ 
mental  transfer  function  data  as  input  and,  in 
principle,  is  capable  of  tuning  any  mode,  re¬ 
gardless  of  the  degree  of  modal  density. 

Asher  was  unable  to  apply  his  method  suc¬ 
cessfully  in  modal  testing  due  to  equipment 
limitations.  Furthermore,  he  stated  that  imple¬ 
mentation  of  the  method  would  require  the 
development  of  data  acquisition  and  processing 
equipment  to  handle  experimental  transfer  func¬ 
tion  data.  These  practical  obstacles  evidently 
discouraged  attempts  to  apply  Asher's  method  in 
the  laboratory  throughout  the  1960's.  Nonethe¬ 
less,  the  method  was  considered  promising  and 
was  discussed  extensively  by  several  authors, 
notably  Bishop  and  Gladwell  [2]  and  Craig  and 
Su  [3].  Finally,  in  1974  the  practical  useful¬ 
ness  of  Asher's  method  was  demonstrated  by 
application  in  the  MODALAB  test  facility,  as 
described  by  Smith  et  a1  [4],  Stroud  et  a1  [5], 
and  Hamma  et  a1  [6]. 

The  objectives  of  this  paper  are  (i)  to 
review  and  discuss  in  detail  the  theory  under¬ 
lying  Asher's  method,  (ii)  to  present  numerical 
results  developed  from  computer  simulation  of 
modal  testing  on  relatively  simple  structural 


models,  some  of  which  have  closely  spaced  modes, 
and  (iii)  to  discuss  some  aspects  of  the  prac¬ 
tical  application  of  the  method.  Our  computer 
simulation  models  are  similar  to  those  of 
Craig  and  Su  [3];  however,  whereas  they  repre¬ 
sented  structural  damping  as  the  proportional 
or  non-coupling  type,  we  have  accounted  for 
the  more  realistic  type  of  damping  which  couples 
the  normal  modes  of  vibration. 

The  computer  simulation  results  demonsirate 
instances  of  both  success  and  failure  of  Asher's 
method.  In  many  cases,  it  detects  all  modes  and 
provides  force  distributions  which  effectively 
separate  the  modes  so  that  mode  shapes  may  be 
measured  accurately.  However,  it  is  also  pos¬ 
sible  that  Asher's  method  may  provide  poor 
tuning,  miss  modes,  or  even  introduce  false 
modes. 

The  distribution  of  excitation  on  a  test 
specimen  encompasses  both  spatial  distribution 
or  position  (location  and  direction)  and  force- 
amplitude  distribution  of  the  mechanical 
shakers.  However,  Asher's  method  addresses 
directly  only  the  problem  of  force-amplitude 
distribution:  the  shaker  positions  must  already 
have  been  selected  before  Asher's  method  is 
applied.  The  positioning  of  exciters  is  usually 
based  on  the  judgment  and  experience  of  test 
and  analysis  engineers.  To  date,  very  little 
quantitative  study  has  been  devoted  to  the 
positioning  problem  and,  although  important,  it 
is  not  the  primary  concern  of  this  paper. 


II.  THEORETICAL  BACKGROUND 

Consider  a  linear  structural  system  having 
n  degrees  of  freedom,  the  time-dependent 


responses  of  which  make  up  the  n  x  1  column 
matrix  x.  (Notation  is  listedat  the  end  of 

the  paper.)  The  system  is  excited  by  a  set  of 
sinusoidally  varying  forces  having  coherent 
phases,  i.e.,  all  having  0°  or  180°  phase, 

f  =  F  cos  ujt  =  Re  {F  e’“^}  (la) 

It  is  assumed  that  all  starting  transients 
have  decayed  away,  so  the  response  is  steady- 
state  sinusoidal, 

X  =  Re  {X  e’“^}  (lb) 

Response  amplitude  vector  X  is  generally  com¬ 
plex,  reflecting  the  facts  thatresponse  is  usual¬ 
ly  not  in  phase  with  excitation  and  that  each 
response  may  have  a  different  phase.  Having 
equations  (la,  b),  we  may  treat  the  problem  as 
one  in  which  F  is  the  input,  X  the  output,  and 

their  linear  relationship  is  completely  defined 
by  the  n  x  n  transfer  function  matrix  [H(iu)], 

X  =  [H(u.)]  F  (2) 

It  will  be  necessary  to  distinguish  between 
the  in-phase  (0°  or  180°)  portion  and  the  out- 
of-phase  (±90°)  portion  of  response  in  the 
forms,  respectively,  of  the  coincident-response 
matrix  [C(uj)]  and  the  quadrature-response  matrix 
[Q(u)]  defined  by 

[H(u.)]  =  [C(,.)]>i  [Q(ui)]  (3) 

All  structures  considered  in  this  paper 
are  assimied  to  be  discretized  to  n  degrees  of 
freedom,  so  that  the  governing  matrix  equation 
of  motion  for  steady-state  sinusoidal  excita¬ 
tion  and  response  is 

[m]x  +  [c(u)]x  +  [k]x  =  F  cos  ut  (4) 

System  inertia,  damping  and  stiffness  matrices, 
[m],  [c(u)]  and  [k]  respectively,  are  assumed 
to  be  real,  symmetric,  and  positive-definite. 
The  representation  of  damping  by  an  arbitrarily 
frequency-dependent  term  is  rather  general.  In 
particular,  it  encompasses  any  combination  of 
the  standard  viscous  and  hysteretic  types;  if 
[b]  and  [d]  are,  respectively,  the  constant 
viscous  and  hysteretic  damping  matrices,  then 
[c((d)]  =  [b]  +  1/u  [d].  Damping  matrix  [c(u)] 
is  not  necessarily  diagonalized  by  the  standard 
normal  mode  transformation;  i.e.,  if  [*]  is  the 
modal  matrix  of  normal  modes,  then  [♦]*[c][(f] 
is  not  necessarily  diagonal.  If  the  product  is 
not  diagonal,  then  [c]  is  called  a  coupling 
damping  matrix  since  it  couples  the  otherwise 
uncoupled  normal  equations  of  motion. 

The  frequency  response  solution  for  arbi¬ 
trary  linear  damping  [c(u))]  has  been  estab¬ 
lished  by  application  of  the  characteristic 
phase-lag  theory  of  Fraeijs  de  Veubeke  [7,8]. 
The  summary  here  follows  primarily  the  develop¬ 
ments  in  English  by  Bishop  and  Gladwell  [2]  and 
Bishop  et  al  [9]. 


To  solve  equation  (4)  for  frequency  re¬ 
sponse,  references  [2]  and  [9]  develop  a  fre¬ 
quency-dependent  eigenvalue  problem, 

2 

(ii[c(u)]i^  -  tan  e  ([k]  -  u  [m])^  =  0  (5a) 

At  each  driving  frequency  ^  there  are  n  eigen- 
solutions,  each  consisting  of  real  mode  shape 
i|<^(u))  and  real  phase-lag  angle  e^(u)),  which  is 

calculated  from  the  actual  eigenvalue  tan  e^. 

With  these  quantities  known,  the  associated 
force -amplitude  vectors  r  (u),  r  =  1,  2,  .... 
n,  are  calculated  from  - 
2 

r  =  cos  6  ([k]  -  u  [m])  +  (u  sin  6  [c(d)]  ;)/  (5b) 

Each  vector  r^(u)  is  that  amplitude  distribu¬ 
tion  of  coherently  phased  forces, 

f  =  cos  (jt 

which  produces  responses  in  all  degrees  of 
freedom  having  the  same  phase  lag  0^, 

X  =  cos  {mt  -  e^) 

Solutions  ;|i^((j),  e^(u)  and  r^(ui)  may  be  termed 

collectively  the  rth  frequency-dependent  "char¬ 
acteristic  phase-lag  mode". 

Equation  (5a)  is  valid  provided  ^ 

However,  if  j  for  the  sth  mode,  then 
equations  (5a, b)  reduce,  respectively,  to 

([k]  -  u.2[m])  =  0  (6a) 

Tj  =  u  [c(u))]  (6b) 

The  only  solution  to  equation  (6a)  is  the 
normal  mode  solution.  Hence  if  u  =  u^,  the 

sth  undamped  natural  frequency,  then  the  sth 
characteristic  phase-lag  mode  shape  becomes 
the  sth  normal  mode  shape, 

i|'5(uj)  =  (7a) 

and  the  responses  of  all  .degrees  of  freedom 
in  that  mode  are  in  quadrature  with  the  excita¬ 
tion. 


and,  finally,  the  excitation  has  the  particular 
form, 

rj(u)j)=u)j  [c(uij)]  i()j  (7c) 

The  characteristic  phase-lag  modes  repre¬ 
sent  a  specific  type  of  forced  response,  so 
they  do  not  give  directly  an  equation  of  the 
type  (2)  expressing  response  due  to  arbitrary 
excitation,  from  which  [H((j)]  may  be  written. 
However,  at  each  excitation  frequency  the  set 
of  vectors  r^,  r  «  1 ,  2  ,  . . . ,  n,  is  1  inearly 

independent,  so  any  arbitrary  force  amplitude 
distribution  F  of  coherently  phased  forces  may 
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be  expressed  as  a  linear  sum  of  the  r^. 


II 


By  using  this  expansion,  orthogonality  condi¬ 
tions  which  are  easily  derived  from  equations 
(5a. b),  and  the  principle  of  superposition  for 
linear  systems,  references  [2]  and  [9]  derive 
the  frequency  response  transfer  function  matrix 
In  the  form 


(u)]  *  ZIj  '•'r*r^ 


®r  '“r 

Rr°  - 7*  - ? 

(•r  +®r  “r  ^®r 

It  Is  worth  repeating  for  emphasis  that  the 
modal  vectors  i|i^  are  frequency-dependent,  quite 

unlike  modal  vectors  for  normal  or  complex 
modes.  Equation  (8a)  applies  for  almost  any 
type  of  linear  damping  that  one  might  wish  to 
consider,  so  It  Is  quite  useful  for  discussion 
of  the  nature  of  solutions.  However,  It  Is 
somewhat  Impractical  for  numerical  studies  be¬ 
cause  It  requires  the  solution  of  eigenvalue 
problem  (5a)  at  each  excitation  frequency  of 
Interest.  None  of  the  numerical  results  In 
this  paper  have  been  calculated  from  equation 
(8a). 

The  coincident-response  matrix  defined  by 
equation  (3)  Is  of  particular  Interest.  It 
may  be  expressed  either  as  a  sum,  from  equation 
(8a), 

[C(<i))]  •  E  (9a) 

r*l 

or  as  a  matrix  product, 

[C(a,)]  .  [*]  [R]  (9b) 

where  [i|>]  Is  the  square  modal  matrix  of  vec¬ 
tors  and  [R]  Is  the  diagonal  matrix  whose  kth 
diagonal  element  Is  R|^.  From  equation  (9b)  the 

determinant  of  [C(u)]  Is 

det  [C(u)]  ■  (det  C*])^  n  R_  (10) 

r-1 

An  Important  conclusion  may  be  Inferred 
from  equation  (10),  namely, 

det  [C(uj)]  »  0,  s  •  1,  2 . n  (11) 


That  Is,  the  coincident-response  matrix  Is  sin¬ 
gular  at  each  undamped  natural  frequency.  This 
Is  so  because,  from  equations  (6a).  (7a),  and 
(8b),  B5(i>i5)  •  0  so  R5(“5)  =  0-  Another  Inter¬ 
pretation  of  this  singularity  Is  seen  by  expres¬ 
ing  the  kth  column  of  the  coincident-response 
matrix  as 


Ck(<-)=ER^  l-kr  fr 


where  Is  the  kth  element  of  i|<^.  When  u  f 
r  =  1,  2,  ....  n,  each  column  C|^  Is  a  sum 
of  the  n  linearly  Independent  vectors  so 

that  [C]  Is  not  singular.  However,  when  u  = 
Uj.  the  sth  undamped  natural  frequency,  then 

Rs(uj)  =  0  so  equation  (12)  becomes 


^k^“s)  '  ?/r  '''kr  ^r 
r- 1 


In  this  case,  each  column  C|^  1s  a  sum  of  only 

n  -  1  linearly  Independent  n-dimenslonal  vec¬ 
tors,  so  the  n  columns  of  [C(iiij)]  are  linearly 

dependent  and  the  matrix  Is  singular. 

Another  Important  conclusion  Is 

[C(u>5)]  r5(uj)  «0,  s  =  l,  2 . n  (14) 

This  can  be  proved  by  substituting  equations 
(9a)  and  (7c)  Into  the  left-hand  side  of  (14), 
applying  the  following  orthogonality  condition 
derived  In  references  [2]  and  [9], 

[c((i))]  ii/g  =  0  for  r  ^  s 
and,  finally,  using  »  0. 

In  view  of  results  (11)  and  (14),  the 
equation 

[C(«.)]F  *  0  (15) 

may  be  regarded  as  a  non-standard  eigenvalue 
problem  having  n  elgensolutlons.  The  rth  eigen¬ 
value  Is  the  rth  undamped  natural  frequency, 
and  the  associated  eigenvector  Is  the  amplitude 
distribution  of  coherently  phased  forces  re¬ 
quired  to  tune  exactly  the  rth  undamped  normal 
mode  In  quadrature  phase  with  the  excitation. 

Asher  [1]  first  stated  results  (11)  and 
(14)  and  proposed  the  Interpretation  of  equa¬ 
tion  (15)  as  an  eigenvalue  problem.  Bishop 
and  Gladwell  [2]  rigorously  established  the 
mathematical  validity  of  those  results.  Craig 
and  Su  [3]  established  the  same  conclusions 
with  a  short  and  direct  derivation.  We  have 
presented  this  review  rather  than  simply  re¬ 
stating  the  conclusions  for  the  following  rea¬ 
sons:  to  provide  a  summary  for  readers  un¬ 
familiar  with  the  characteristic  phase-lag 


theory:  to  extend  the  scope  of  Bishop  and  Glad- 
well's  results  to  Include  a  more  general  form 
of  damping  (They  regarded  their  results  as 
applicable  only  for  viscous  or  hysteretic  damp¬ 
ing,  but  the  extension  is  almost  trivial.); 
finally,  to  represent  the  coincident-response 
matrix  in  the  new  forms  (9b)  and  (12),  which 
expedite  interpretation  of  results. 


III.  ASHER'S  METHOD 

Asher's  method  is  based  on  the  theoretical 
results  contained  in  equations  (11)  and  (14). 

The  method  can  be  described  with  reference  to 
those  equations  in  the  context  of  an  idealized 
modal  test  on  a  discrete  n-degree-of-freedom 
linear  structure  with  arbitrary  linear  struc¬ 
tural  damping.  The  test  begins  with  measurement 
of  the  n  X  n  frequency  response  transfer  func¬ 
tion  [H(a))]  over  the  entire  modal  spectrum  of 
the  structure.  This  data  may  be  assembled  by 
applying  excitation  and  measuring  response  at 
each  degree  of  freedom,  with  the  use  of  either 
incremental  sine-sweep  excitation  for  direct 
measurement  or  broadband  excitation  and  calcula¬ 
tion  by  digital  time  series  analysis.  (See 
Hanrna  et  a1  [6]  and  Brown  et  a1  [10]  for  con¬ 
trasting  views  on  the  merits  of  these  two  test¬ 
ing  methods.)  Next,  the  coincident-response 
matrix  [C(u)]  is  extracted  as  the  real  part  of 
[H(u)],  and  det  [C(u)]  is  plotted  over  the 
entire  modal  spectrum.  Exactly  n  zero  cross¬ 
ings  of  det  [C((u)]  are  found,  and  the  frequen¬ 
cies  at  which  they  occur  are,  from  equation  (11), 
the  undamped  natural  frequencies  of  the  struc¬ 
ture,  even  though  damping  is  present.  Next, 
the  relative  force-amplitude  distributions  for 
tuning  all  modes  are  determined  as  the  solutions 
rj(iOj),  s  =  1,  2,  n,  of  equation  (14). 

Each  vector  rj(uj)  is  equal  to  any  one  of  the 

identical  (to  within  constant  multiples)  colunns 
of  the  adjoint  matrix  adj  [C(uj)].  This  rela¬ 
tively  simple  solution  procedure  is  predicated 
on  the  availability  of  [C]  at  the  exact  zeros 
of  det  [C];  otherwise,  interpolation  is  required. 
Finally,  each  of  the  n  modes  is  tuned  exactly 
in  a  multiple-shaker  sine  dwell.  For  the  sth 
mode,  the  shakers  are  set  to  produce  the  forces 

f  =  r5{u5)  cos  u^t 
Then  the  response  is  measured  to  be 

X  =  (0^  cos  (u^t  -  j) 

The  response-amplitude  distribution  is  the 

exact  mode  shape  of  the  sth  undamped  normal 
mode,  again,  even  though  the  structure  is 
damped. 

A  short  digression  on  the  tuning  step  is 
in  order.  Normally  a  narrow-band  sine  sweep 
about  u  with  fixed  force-amplitude  distribu¬ 
tion  is  more  useful  than  a  sine  dwell.  If 
damping  is  hysteretic  and  non-coupling,  then 
the  locus  of  each  complex  response  is  a  perfect 


circle  on  a  co-quad  plot  in  the  complex  plane, 
from  which  modal  damping  as  well  as  the  mode 
shape  component  may  be  determined  (Kennedy  and 
Pancu  [11]).  Moreover,  if  damping  is  viscous 
and  non-coupling,  the  co-quad  plot  is  still 
nearly  circular.  Even  if  damping  couples  the 
normal  modes,  a  co-quad  plot  is  useful  for 
indicating  the  presence  of  a  true  mode;  how¬ 
ever.  as  shown  by  the  simulation  study  results 
of  Section  V.  damping  coupling  of  closely 
spaced  modes  may  give  co-quad  plots  whkh  are 
somewhat  difficult  to  interpret  in  light  of  our 
expectations  based  on  non-coupling  damping. 

Returning  to  Asher's  method,  we  may  state 
that  in  principle  it  is  capable  of  measuring 
exactly  every  undamped  natural  frequency  and 
the  associated  real  mode  shape  of  an  ideal  dis¬ 
crete  structure  with  n  degrees  of  freedom  and 
linear  damping.  The  method  uses  only  experi¬ 
mental  data  as  input;  no  estimated  data  such  as 
a  mass  matrix  is  required. 

Actual  modal  testing  of  real  hardware  is, 
of  course,  much  more  complicated  than  the 
idealized  testing  of  a  perfect  discrete  struc¬ 
ture  described  above.  The  practical  realities 
are  that  any  continuous  structure  has  an  in¬ 
definitely  large  number  of  degrees  of  freedom, 
and  that  sensing  and  exciting  equipment  can  be 
applied  at  only  a  relatively  small  number  of 
locations  on  the  structure.  It  is  feasible 
therefore  to  measure  only  a  p  x  p  incomplete 
coincident-response  matrix  [C*(u)],  where 
p  <  n.  It  is  clearly  not  possible  to  satisfy 
the  exact  equations  (11)  and  (14),  so  the  most 
reasonable  alternative  course  for  practical 
application  of  Asher's  method  is  to  seek  useful 
solutions  to  the  analogous  equations, 

det  [C*(a.)]  =  0  (16a) 

[C*(a))]  r*  =  0  (16b) 

where  r*  is  a  p  x  1  vector  of  force  amplitudes 

corresponding  to  the  p  available  shaker  loca¬ 
tions.  As  we  shall  demonstrate  with  the  simula¬ 
tion  study  results,  use  of  equations  (16a,b) 
can  lead  to  the  following  possible  consequences, 
listed  in  order  of  decreasing  desirability: 

(i)  a  zero  of  det  [C*]  may  occur  close  to  but 
not  exactly  at  a  natural  frequency,  and  the 
force  vector  will  effectively  tune  the 
corresponding  mode;  (ii)  a  zero  of  det  [C*] 
may  occur  close  to  a  natural  frequency,  but 
the  vector  r*  will  not  adequately  isolate  the 

mode  from  interfering  modes;  (iii)  a  zero  of 
det  [C*]  may  be  totally  unrelated  to  any  of  the 
natural  frequencies;  (iv)  det  [C*]  may  have  no 
zero  in  the  vicinity  of  a  natural  frequency. 

Mathematical  justification  is  quite  limit¬ 
ed  for  the  proposition  that  the  solutions  of 
equations  (16a, b)  will  represent  accurate  nat¬ 
ural  frequencies  and  effective  tuning  force- 
amplitude  distributions.  With  the  definition 
of  the  characteristic  phase-lag  p  x  1  trun¬ 
cated  modal  vectors  <>  *,  r  =  1,  2,  ...,  n,  and 
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the  corresponding  p  x  n  modal  matrix  [i<*], 
equation  (9b)  gives 

[C*(<.)]  =  U*]  [R] 

The  degrees  of  freedom  deleted  from  each  i|)^  to 
form  Op*  are,  of  course,  the  degrees  of  freedom 
missing  from  [C*].  Since  [Op*]  is  not  square, 

it  is  not  possible  to  write  a  simple  equation 
for  det  [C*]  analogous  to  equation  (10)  for 
det  [C].  Hence,  it  is  difficult  if  not  im¬ 
possible  to  predict,  in  a  precise  mathematical 
sense,  how  closely  the  zeros  of  det  [C*]  appro¬ 
ximate  the  true  natural  frequencies.  It  is 
perhaps  even  more  difficult  to  assess  mathe¬ 
matically  the  tuning  effectiveness  of  a  force- 
amplitude  solution  r*  to  equation  (16b).  Bishop 

and  Gladwell  [2]  stated  without  proof  several 
interesting  results  regarding  the  numbers  of 
zeros  of  det  [C*]  and  their  lower  and  upper 
bounds  (d)^  and  u^).  These  results  are  possibly 

the  most  precise  mathematical  statements  that 
can  be  made  regarding  the  solutions  of  equations 
(16a, b). 

Despite  the  absence  of  firm  mathematical 
justification,  application  of  equations  (16a, b) 
often  leads  to  surprisingly  good  results.  This 
frequent  success  can  be  partially  explained, 
at  least  physically  if  not  mathematically,  on 
the  basis  of  the  following  result  from  equations 
(7):  forced  vibration  in  a  pure  normal  mode  at 
its  undamped  natural  frequency  is  characterized 
by  all  response  being  in  quadrature  phase  wi  .i 
the  excitation.  The  physical  consequence  of 
equations  (16a, b)  being  satisfied  at  some  fre¬ 
quency  0)'  is  that  the  p  degrees  of  freedom 
represented  in  [C*]  are  constrained  to  respond 
exactly  in  quadrature  phase  with  the  p  forces. 
The  n  -  p  unforced  degrees  of  freedom  are,  of 
course,  not  so  constrained.  But  if  u'  is  close 
to  a  natural  frequency  and  if  the  p  shakers 
are  located  at  positions  appropriate  to  tune 
the  mode,  then  it  is  reasonable  to  expect,  and 
it  often  happens,  that  the  unforced  degrees  of 
freedom  having  significant  modal  energy  will 
"cooperate"  by  responding  nearly  in  quadrature 
phase  with  the  forces.  In  such  a  case,  the 
entire  structure  vibrates  in  a  close  approxima¬ 
tion  to  the  true  normal  mode. 

In  discussing  equations  (16a, b),  we  have 
assumed  that  the  p  response  locations  are 
identical  to  the  p  excitation  locations.  How¬ 
ever,  in  the  spirit  of  the  quadrature-response 
explanation  given  above,  it  is  permissible 
that  the  response  and  excitation  locations 
differ.  Stroud  et  al  [5]  and  Ibanez  [12]  made 
this  observation  and,  in  addition,  described 
approaches  for  which  the  number  of  responses 
measured  need  not  equal  the  number  of  exciters. 


IV.  COUPLING  DAMPING  MATRICES 

Although  most  analytical  studies  using 
standard  modal  analysis  assume  that  damping 


does  not  couple  the  normal  modes,  there  seems 
to  be  no  reason  to  expect  that  the  dissipative 
mechanisms  of  the  actual  structures  should  have 
this  very  special  and  desirable  characteristic. 
Hence,  damping  matrices  which  couple  the  normal 
modes  have  been  used  in  calculations  of  the 
results  to  be  presented  in  Section  V. 

But  how  does  one  specify  numerically  the 
elements  of  coupling  damping  matrix  [c],  which 
is  required  for  calculation  of  the  frequency 
response  solution?  Since  structural  damping  is 
always  dissipative  and  since  dashpot  elements 
are  analogous  to  spring  elements  in  mechanical 
models,  it  seems  reasonable  to  expect  that  [c] 
should  be  symmetric  and  positive-definite. 
Beyond  that,  however,  there  is  apparently  no 
information  available  to  guide  one  in  selecting 
physically  reasonable  element  values  for  damp¬ 
ing  matrices  of  continuous  structures.  We 
therefore  have  used  the  concept  of  a  coupled 
modal  damping  matrix  with  unit  diagonal  elements 
(Hasselman  [13])  to  derive  an  equation  for  cal¬ 
culating  a  coupling  damping  matrix.  The  equa¬ 
tion  is  based  on  an  assumption  about  the  nature 
of  damping  rather  than  on  actual  measurements 
of  damping,  so  the  resulting  matrices  may  be 
regarded  as  plausible  but  not  necessarily 
physically  representative. 

For  a  damping  matrix  [c^]  which  does  not 

couple  the  undamped  normal  modes,  we  have  by 
definition 


[C„]  M  =  [G] 

where  [G]  is  the  diagonal  generalized  damping 
matrix.  For  example,  if  damping  is  a  combina¬ 
tion  of  non-coupling  viscous  and  hysteretic 
types,  then 

[c„]  .  [b]  .  1  [d] 


so  that 

[G]=[B]+1[D]  (17) 

(a) 

where  the  rth  diagonal  elements  are  calculated 
from 


B,.  '  2  M^ 
r  r  r  r 

=  M^  4  (ig) 

Mp  =  [m] 

and  and  g^  are,  respectively,  the  standard 

viscous  damping  ratio  and  hysteretic  damping 
constant  for  the  rth  mode.  Although  [GJ  is 
diagonal  for  non-coupling  damping,  in  general 
the  modal  vectors  are  not  normalized  so  as  to 
make  it  the  unit  or  identity  matrix.  However, 
if  the  modal  vectors  are  re-normalized  in  the 
form 

?r  '7^!r*  2 . n 
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or 

M  =  M  (19) 

then  there  follows 

[i]‘  [c„]  M  =  Cl]  (20) 

We  may  regard  the  unit  matrix  in  this  equation 
as  the  uncoupled  unit  modal  damping  matrix. 

Consider  now  the  inverse  problem,  namely, 
calculating  the  damping  matrix  given  the  un¬ 
damped  normal  modes  and  the  modal  damping  con¬ 
stants,  which  would  normally  be  and/or  g^, 

r  =  1,  2,  ...,  n.  In  this  case,  [0]  is  calcu¬ 
lated  from  equations  (17)  and  (18),  and  equa-, 
tion  (20)  is  post-  and  pre-mul tipi ied  by  [J]' 
and  its  transpose,  respectively,  to  give 

[c„J=[V]^  CU  [V]  (21) 

where 

[V]  =  [i]-’ 

=  CG^^^J  (22) 

Equation  (21)  by  itself  has  no  particular  value 
since  a  damping  matrix  is  certainly  not  re¬ 
quired  for  a  frequency  response  solution  if 
damping  does  not  couple  the  normal  modes  and 
if  modal  data,  including  structural  damping 
constants,  are  given.  However,  the  form  of 
equation  (21)  does  provide  the  model  for  calcu¬ 
lation  of  a  plausible  coupling  damping  matrix. 

If  damping  couples  the  normal  modes,  then 
the  modal  damping  matrix  will  certainly  not  be 
the  unit  matrix  of  equation  (20).  It  is  reason¬ 
able  to  expect,  though,  that  the  modal  damping 
matrix  should  have  the  appearance  of  a  properly 
normalized  experimental  mass  orthogonality 
matrix  (See,  for  example,  Stroud  et  al  [5].); 
that  is,  the  coupled  modal  damping  matrix,  de¬ 
noted  [Ic],  should  be  symmetric  and  should  have 
unit  diagonal  elements,  with  at  least  some  non¬ 
zero  off-diagonal  elements  to  represent  coupl¬ 
ing  between  modes.  Then,  by  analogy  with  equa¬ 
tion  (21),  we  define  the  physical  coupling 
damping  matrix  associated  with  the  degree  of 
modal  coupling  in  [Ic]  and  with  the  uncoupled 
modal  damping  in  a  given  [G]  to  be 

[c]  =  [V]’^[lc]  [V]  (23) 

where  [V]  is  evaluated  from  equations  (17),  (18) 
and  (22).  We  have  no  rational  basis  at  present 
for  choosing  the  off-diagonal  elements  of  [Ic]. 
Our  usual  procedure  is  to  specify  positive 
numbers  less  than  1  and  then  .judge  our  choice 
to  be  satisfactory  or  unsatisfactory  on  the 
basis  of  the  physical  plausibility  of  the  con¬ 
sequent  frequency  response  calculations. 

Methods  are  available  for  calculating  the 
frequency  response  of  a  system  with  coupling 
dar(in’'ng  which  is  either  purely  viscous  or  purely 
hysteretic.  For  viscous  damping,  we  have  used 


the  solution  of  Foss  [14]  based  on  a  complex 
eigenvalue  problem  devised  by  Frazer  et  al  [15]. 
Miramand  et  al  [16]  recently  presented  an  effi¬ 
cient  computational  form  of  this  solution.  For 
hysteretic  damping,  we  have  used  the  solution 
established  by  Bishop  and  Johnson  [17]. 


V.  NUMERICAL  SIMU;.ATION  OF  MODAL  TESTING 

Simulation  studies  with  mathematical  models 
having  non-coupling  damping  were  conducted 
previously  by  Bishop  and  Gladwell  [2],  Craig 
and  Su  [3],  and  Stafford  [18]  (an  unpublished 
thesis).  Bishop  and  Gladwell  examined  only 
the  zeros  of  det  [C*]  and  demonstrated  the 
occurrence  of  a  good  mode  indication  (a  zero 
very  close  to  a  natural  frequency),  a  false 
mode  indication  (a  zero  distant  from  all  natu¬ 
ral  frequencies),  and  a  missed  mode  (no  zero 
in  the  vicinity  of  a  natural  frequency).  In  a 
more  detailed  study,  Craig  and  Su  examined  the 
zeros  of  det  [C*]  and  the  quality  of  sine  dwell 
tuning  achieved  by  r*  force-amplitude  distribu¬ 
tions.  Stafford  included  plots  of  det  [C*(u)] 
and  examined  the  quality  of  narrow-band  sine- 
sweep  tuning  achieved  by  r*  distributions; 

tuning  quality  was  demonstrated  by  both  co¬ 
quad  response  plots  and  modal  energy  calcula¬ 
tions. 

Although  not  included  in  previously  pub¬ 
lished  simulation  studies,  plots  of  det  [C*(u))] 
are  quire  informative,  certainly  much  more  so 
than  listings  of  zero-crossing  frequencies.  A 
few  determinant  plots  calculated  from  experi¬ 
mental  data  appear  in  the  papers  by  Smith  et  al 
[4]  and  Stroud  et  al  [5].  But  those  plots 
demonstrate  only  good  mode  indications.  Since 
false  mode  indications  and  missed  modes  also 
exhibit  informative  characteristic  forms  on 
coincident-response  determinant  plots,  several 
examples  of  such  plots  are  included  in  the 
present  results. 

All  results  presented  here  have  been  cal¬ 
culated  for  coupling  damping.  Both  hysteretic 
and  viscous  damping  were  considered,  but  there 
appear  to  be  no  distinguishing  differences  in 
the  determinant  or  response  plots.  The  effects 
of  substantial  coupling  appear  very  clearly  on 
co-quad  response  plots,  which  also  indicate 
the  quality  of  modal  tuning. 

A  particular  advantage  of  computer  simula¬ 
tion  of  modal  testing  is  that  the  parameters 
of  the  mathematical  structural  model  are  known 
precisely  and  can  even  be  designed  to  produce 
desired  characteristics  such  as  high  modal 
density  and  nodes  at  certain  degrees  of  free¬ 
dom.  Hence,  an  absolute  standard  is  available 
against  which  to  judge  the  simulated  test  re¬ 
sults  and,  furthermore,  failures  of  the  test 
method  can  often  be  attributed  directly  to 
some  specific  cause.  The  models  described  and 
the  results  presented  here  have  been  selected 
to  demonstrate  the  consequences  of  applying 
Asher's  method  in  situations  which  are  typical 
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of  actual  hardware  testing;  our  expectation  is 
that  these  results  will  provide  guidance  for 
the  interpretation  of  real  data. 


V.l  MODELS  5H  AND  5V 


These  two  models  are  structurally  iden¬ 
tical  but  have  different  damping  matrices.  The 
structure,  a  cantilevered  plane  grid  with  five 
degrees  of  freedom,  is  illustrated  in  Figure  1. 
It  is  similar  to  Craig  and  Su's  [3]  model  struc¬ 
ture.  Five  discrete  masses  are  located  in  the 
a  -  6  plane  at  rigid  right-angle  joints  con¬ 
necting  the  bars,  and  the  degrees  of  freedom 
are  vertical  (y)  translations  of  the  masses. 

The  mass  values,  which  are  the  elements  of  the 
diagonal  mass  matrix,  are  listed  as  follows  in 
order  from  1  to  5:  1.259  kg  (0.007191  lb-sec^/ 

in),  1.385  (0.007911),  2.096  (0.01197),  0.3447 
(0.001968),  1.613  (0.009213).  (All  calcula¬ 
tions  for  models  5H  and  5V  were  made  in  the 
primary  units  of  pounds,  inches  and  seconds.) 

The  eight  identical  bars  are  assumed  massless 
and  flexible  only  in  vertical  bending  and  tor¬ 
sion.  Each  bar  has  0.254  m  (10.0  inch)  length 
and  6.35  mm  (0.25  inch)  diameter.  Bar  material 
has  Young's  modulus  E  =  68.9  GPa  (10.0  x  10® 
psi)  and  shear  modulus  6  =  27.6  GPa  (4.0  x  10® 
psi). 


The  undamped  normal  mode  solution  is  list¬ 
ed  in  Table  1.  The  structure  was  designed  to 
have  its  third  and  fourth  natural  frequencies 
within  4%  of  each  other  by  means  of  an  optimi¬ 
zation  procedure  (Hallauer  et  al  [19]).  Damp¬ 
ing  values  g^  and  for  the  third  and  fourth 

modes  were  selected  (see  below)  so  as  to  make 
these  modes  closely  spaced  in  the  sense  that 
they  be  separated  by  less  than  one  half-power 
bandwidth. 


Coupling  damping  matrices  for  these  models 
were  calculated  from  equation  (23).  Model  5H 
has  hysteretic  damping,  and  its  [d]  matrix  was 
calculated  from  a  [IcJ  matrix  with  all  off- 
diagonal  elements  equal  to  0.15.  The  hyster¬ 


etic  modal  damping  values  g  ,  listed  in  order 


from  1  to  5,  are  0.025,  0.035,  0.05,  0.04,  0.02. 
Model  5V  has  viscous  damping  with  =  0.025 

for  each  mode,  and  its  [b]  matrix  was  calculated 
from  the  following  coupled  modal  damping  matrix: 


[Ic]  = 


■  1 .0  0.3 

0.1 

0.0 

0.0  ■ 
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0.1 
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V.2  MODEL  IIH 


Fig.  1  Structure  of  Models  5H  and  5V 


This  model  consists  of  a  beam  subject  to 
vertical  bending  and  torsion  and  an  attached 
spring-mass  oscillator.  It  is  illustrated  in 
Figure  2.  A  massless  flexible  beam  of  length 
i  is  attached  to  supports  at  points  A  and  B. 
These  supports  provide  boundary  restraint  such 
that  the  beam  is  simply-supported  relative  to 
bending  in  the  y  direction  and  clamped  relative 
to  torsion.  Discrete  masses  1  -  5  are  uniform¬ 
ly  spaced  along  the  beam  at  intervals  of  i/6; 
masses  6-10  are  suspended  from  the  beam  in 
the  a  -  6  plane  by  rigid  massless  links,  each 
having  length  e;  mass  11  is  suspended  vertical¬ 
ly  from  mass  4  by  a  soring  with  stiffness  con¬ 
stant  k.  The  eleven  degrees  of  freedom  are 
vertical  (y)  translations  of  the  masses.  For 
numerical  evaluation,  the  equations  describing 


TABLE  1 


Undamped  normal  modes  of  models  5H  and  5V 


r 

1 

2 

3 

4 

5 

'“r 

(rad/sec) 

10.908 

32.055 

53.500 

55.409 

94.924 

(mass) 

(1) 

0.126 

0.943 

-0.380 

-0.595 

0.121 

(2) 

0.232 

0.479 

-0.075 

0.478 

-0.712 

'^r 

(3) 

0.337 

-0.165 

-0.703 

0.320 

0.217 

(4) 

0.773 

1.000 

1.000 

1 .000 

1 .000 

(5) 

1.000 

-0.281 

0.195 

-0.342 

-0.130 
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V.3  RESULTS  AND  DISCUSSION 


this  model  were  written  in  dimensionless  form. 
The  dimensionless  mass  values,  stated  relative 
to  the  summed  total  of  the  beam  and  link 

masses,  are  0.18  for  masses  1  -  5,  0.02  for 
masses  6  -  10,  and  0.07  for  mass  11.  The  other 

dimensionless  parameters  are  j  =  /  0.1 ,  = 

2 

0.01  IT  ,  and  =  5.5,  in  which  El  and  GJ  are 

beam  bending  and  torsional  stiffnesses,  respec¬ 
tively. 


Fig.  2  Structure  of  Model  11H 

The  first  five  normal  modes  of  model  IIH 
are  listed  in  Table  2.  The  dimensionless 
natural  frequencies  are  defined  as 


The  hysteretic  damping  matrix  for  this 
model  was  calculated  from  equation  (23)  with  a 
[Ic]  matrix  having  all  off-diagonal  elements 
equal  to  0.2  and  with  g^  for  each  mode  equal 

to  0.02. 


Coincident-response  determinant  plots  for 
model  5H  are  shown  on  Figures  3a,  b,  c,  in  solid 
curves  for  all  masses  excited  and  in  dashed 
curves  for  only  masses  1  and  5  excited.  In  the 
vicinity  of  natural  frequencies,  these  curves 
usually  have  the  form  typical  of  the  coincident 
component  of  a  transfer  function.  Each  curve 
is  normalized  to  the  determinant  having  largest 
absolute  value  in  the  frequency  range  of  the 
graph.  With  this  normalization  scheme,  it  is 
typical  that  the  lowest  mode  dominates  and 
higher  modes  may  be  lost  within  the  amplitude 
resolution  of  the  graph.  Thus  the  94.9  rad/sec 
mode  is  not  evident  on  Figure  3a,  so  a  re¬ 
normalized  expanded-scale  plot.  Figure  3b,  must 
be  made.  (A  simple  way  to  indicate  on  Figure 
3a  at  least  the  zero  crossing  of  the  high  mode 
is  to  plot  the  reciprocal  of  the  determinant, 
which  for  data  at  discrete  frequencies  would 
have  finite  positive  and  negative  peaks  adja¬ 
cent  to  the  crossing.)  The  det  [C]  curves  on 
Figures  3a,  b  have  zero  crossings  exactly  at 
the  undamped  natural  frequencies,  in  accordance 
with  theory. 

Figure  4  represents  the  consequences  of 
applying  Asher's  method  with  complete  excita¬ 
tion  (i.e.,  all  masses  forced)  to  isolate  the 
higher  of  the  two  close  modes  of  model  5H.  The 
normalized  tuning  force-amplitude  distribution 
F  (=  r  in  this  case)  was  calculated  from 

fc(u^)]r = 0.  This  distribution  was  then  applied 

to  the  model  in  a  3  rad/sec  narrow-band  sine 
sweep  to_determine  the  co-quad  curves  of  com¬ 
pliance  of  each  mass.  (Xj  was  omitted  to 

reduce  plot  clutter.)  Conjugates  were  plotted 
where  appropriate  to  reduce  graph  size.  The 
starting  frequency  in  the  sweep  is  indicated 


TABLE  2 


First  five  undamped  normal  modes  of  model  IIH 


r 

1 

2 

3 

4 

5 

“r 

7.366 

8.870 

11 .456 

16.969 

24.215 

(mass) 

(1) 

0.155 

0.009 

-0.335 

0.027 

0.010 

(2) 

0.270 

0.013 

-0.575 

0.026 

0.000 

(3) 

0.316 

0.009 

-0.655 

-0.002 

-0.010 

(4 

0.278 

0.001 

-0.558 

-0.029 

0.000 

(5) 

0.161 

-0.001 

-0.320 

-0.028 

0.010 

!r 

(6) 

0.496 

0.507 

0.486 

1.000 

1.000 

(7) 

0.862 

0.874 

0.851 

1.000 

0.000 

(8) 

1.000 

1.000 

1.000 

0.001 

-1.000 

(9) 

0.871 

0.858 

0.882 

-0.999 

0.000 

(10) 

0.504 

0.493 

0.514 

-0.999 

1.000 

(11) 

0.892 

-0.984 

0.828 

0.011 

0.000 
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5.00  20.83  36.66  52.50  68.33  84.16  100.00 

u(rad/s«cl 


90.00  91.66  93.33  95.00  96.66  98.33  100.00 


40.00  43.33  46.66  50.00  53.33  56.66  60.00 

u (rad/scci 

Fig.  3  Determinant  plots  for  complete  and 
incomplete  excitation  of  model  5H; 

(a)  5-100  rad/sec,  (b)  90-100  rad/sec, 
(c)  40-60  rad/sec 

by  an  arrow  for  each  response,  and  tic  marks  on 
response  curves  indicate  increments  of  equal 
frequency.  The  test  mode  shape  vector  ijiJ  was 

calculated  from  the  quadrature  components  of 
response  at  the  determinant  zero-crossing  fre¬ 
quency;  in  this  case  it  is  the  exact  mode  shape, 
in  accordance  with  theory. 

If  damping  had  been  non-coupling,  each 
curve  of  the  co-quad  plot  would  be  an  arc  of  a 
perfect  circle  centered  on  the  imaginary  axis 
with  its  highest  point  passing  through  the 
origin  (Kennedy  and  Pancu  [11]).  But  coupling 


i.ooo” 

-0.706 
F  •  -0.743 
-0.708 
0.775 


-0.595 
0.478 
(J*  •  0.320 

1.000 
-0.342 


o  Central  Frequency.  55.409  rad/sec 
Frequency  Increment;  0. 150  rad/sec 

Response  Scale;  2.86^  (0.50  -j^l  per  division 

Fig.  4  Perfect  tuning  with  complete  excitation: 
co-quad  plot  for  the  fourth  mode  of 
model  5H  with  all  masses  forced  in  a 
3  rad/ sec  narrow-band  sine  sweep 

damping  causes  deviation  from  circular  shape. 

In  this  case,  coupling  introduces  obvious  inter¬ 
ference  from  the  lower  of  the  closely  spaced 
modes.  It  should  be  noted  that  for  coupling 
damping,  the  theory  of  Section  II  guarantees 
perfect  mode  tuning  only  at  the  natural  fre¬ 
quency,  with  response  in  quadrature  phase  re¬ 
lative  to  excitation,  even  though  all  degrees 
of  freedom  are  excited. 

It  is  not  unusual  for  the  tuning  force- 
amplitude  distributions  given  by  Asher's 
method  to  defy  physical  intuition.  For  example, 
the  fundamental  mode  of  model  5H  has  a  typical 
first  bending  mode  shape  (Table  1)  with  all 
responses  in  phase,  so  we  might  expect  that  all 
tuning  forces  should  also  be  in  phase.  But  the 
normalized  force  vector  for  perfect  tuning  is 


-0.214 
-0.125 
0.133 
1 .000 
0.431 


The  explanation  for  this  anomaly  is  that  exciter 
forces  appropriate  for  tuning  a  mode  must  cancel 
damping  forces,  which  are  not  generally  distri¬ 
buted  spatially  in  accordance  with  mode  shape. 

The  det  [C*]  dashed  curves  of  Figures  3a, 
b,  c  exhibit  good  mode  crossings  at  10.909, 
32.070  and  55.327  rad/sec,  very  close  to  the 
natural  frequencies  of  the  first,  second  and 
fourth  modes,  respectively.  There  is  also  a 
false  mode  crossing  at  44.524  rad/sec.  It  is 
characteristic  of  lightly  damped  structures 
that  good  mode  crossings  have  steep  slopes  and 
false  mode  crossings  have  relatively  gentle 
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slopes.  Hence,  with  the  use  of  a  determinant 
plot,  distinguishing  between  good  and  false 
mode  Indications  Is  usually  a  very  easy  matter. 

Figures  3b,  c  show  clearly  that  this  det 
[C*]  curve  misses  the  third  and  fifth  modes. 

But  note  that  the  curve  has  a  relatively  steep 
slope  In  the  neighborhood  of  the  natural  fre¬ 
quency  of  each  missed  mode.  This  is  another 
useful  characteristic  for  lightly  damped  struc¬ 
tures  from  which  one  can  Infer  the  presence  of 
a  mode  even  though  there  is  no  zero  crossing. 

Figure  5  is  an  example  of  the  excellent 
tuning  with  Incomplete  excitation  often  pro¬ 
vided  by  Asher's  method.  This  tuning  cor¬ 
responds  to  the  fourth-mode  zero  crossing  at 
55.327  rad/sec  on  Figures  3a,  c  for  masses  1 
and  5  forced.  The  5  x  1  vector  F*  on  this 

figure  Is  derived  from  the  2x1  r*  vector,  with 
zeros  added  for  the  unforced  masses. 


o  Cantral  Frtquincy:  S5.40F  ritffsK 
A  Ztro-Croislnf  Irtoutnqf  of  dll  [c’j ;  K.  iZl  rid^ 
Frtqufnqr  IncrtnwnI:  0.  ISO  ridfstc 

Rispami  Sail:  1. 43  ^  (0. 25  I  pir  division 

Fig.  5  Excellent  tuning  with  Incomplete  exci¬ 
tation:  co-quad  plot  for  the  fourth 
mode  of  model  5H  with  masses  1  and  5 
forced  In  a  3  rad/sec  narrow-band  sine 
sweep 

Coincident-response  determinant  curves  for 
model  5V  are  shown  on  Figure  6.  For  comparison 
with  model  5H  response  on  Figure  4,  the  force- 
amplitude  distribution  and  narrow-band  response 
for  perfect  tuning  of  the  fourth  mode  of  model 
5V  are  shown  on  Figure  7.  Greater  coupling  Is 
evident  between  the  third  and  fourth  modes  of 
model  5V  because  the  appropriate  damping  cou¬ 
pling  element  Is  0.3,  twice  that  of  model  5M. 

For  masses  1,  3  and  5  excited.  Figure  6 
exhibits  a  false  mode  crossing  at  44.764  rad/ 
sec.  The  co-quad  curves  for  a  narrow-band 
sweep  about  that  frequency  with  the  appropri¬ 
ate  force-amplitude  distribution  are  shown  In 


S.a0  15.00  25.00  35.00  45.00  55.00  (5.00 

Hlndkiel 


Fig.  6  Determinant  plots  for  complete  and  In¬ 
complete  excitation  of  model  5V 


o  Central  Frequency-.  $S.4W  radlsec 
Frequency  Increment;  0.30  rad/sec 

Response  Scale;  2. 28  ^  10.40 I  per  division 

Fig.  7  Perfect  tuning  with  complete  excita¬ 
tion:  co-quad  plot  for  the  fourth 
mode  of  model  5V  with  all  masses 
forced  In  a  3  rad/sec  narrow-band 
sine  sweep 

Figure  8.  That  response  clearly  bears  no  re¬ 
semblance  to  a  mode. 

Good  but  not  excellent  tuning  of  the  third 
mode  of  model  5V  with  Incomplete  excitation  Is 
illustrated  by  the  co-quad  curves  of  Figure  9. 
This  tuning  corresponds  to  the  53.395  rad/sec 
zero  crossing  on  Figure  6  for  masses  1,  3  and 
5  forced. 

Mode  shapes  2,  4  and  5  of  model  11H  list¬ 
ed  on  Table  2  have  many  node  points  on  or  near 
degrees  of  freedom.  Hence,  this  model  Is  use¬ 
ful  for  simulating  the  consequences  of  position¬ 
ing  shakers  in  nodal  regions.  Coincident- 
response  determinant  curves  for  model  11H  are 
shown  on  Figure  10  for  three  different  shaker 
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configurations. 


1.000 
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0.0 
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oC«tNralFraqu«ncy:  44.764ra4^ 

Frtqutncy  Incrtintnl;  045  nMlMC 

ResponM  Salt:  0. 0216  ^  (0. 0050  |^l  ptr  division 
N  10 

Attempted  tuning  of  a  false  mode:  co¬ 
quad  plot  for  model  5V  with  masses  1, 

3,  5  forced  In  a  narrow-band  sine  sweep. 
Responses  of  masses  2  and  4  are  far  off 
scale. 


-Mtssos  1,  3,  Skrcod 
—  Masses  1,  3.  5.  7  forced 


8.00  lOS  0.66  16.50  14.33  22.16  25.00 

5 

Fig.  10  Determinant  plots  for  complete  and  In¬ 
complete  excitation  of  model  11 H.  The 
frequency  range  of  this  graph  excludes 
the  first  natural  frequency. 

(but  still  indicates  their  presence)  and  has  a 
crossing  at  frequency  8.868  corresponding  to 
mode  2  which  one  would  normally  dismiss  as  a 
false  mode  crossing  due  to  Its  gentle  slope. 

The  dominant  responses  In  the  narrow-band  sweep 
associated  with  the  8.868  crossing  are  shown  on 
Figure  11.  The  presence  of  a  mode  Is  evident 
In  that  co-quad  plot,  but  tuning  Is  clearly 
very  poor. 
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o  Central  Frequency:  53. 395  rad/sec 
Frequency  I  ncrement:  0. 25  rad/sec 


1.000 

_0.1M 


Response  Scale:  1. 14  <0. 20  ^ )  per  division 


Fig.  9  Good  tuning  with  incomplete  excitation: 
co-quad  plot  for  the  third  mode  of 
model  5V  with  masses  1,  3,  5  forced  In 
a  3  rad/sec  narrow-band  sine  sweep 

Masses  1,  3  and  5  are  essentially  node 
points  for  modes  2,  4  and  5.  It  Is  not  surpris¬ 
ing,  therefore,  that  excitation  at  those  masses 
only  results  In  a  determinant  curve  which  lacks 
zero  crossings  corresponding  to  modes  4  and  5 


o  Ctntril  Frvquancy:  8.H8 
Fraquancy  Incrtmant:  0.02 
Rvsponst  Scale:  0.025  par  division 


Fig.  11  Poor  tuning  with  Incomplete  excitation: 
co-quad  plot  for  the  second  mode  of 
model  11H  with  masses  1,  3,  5  forced 
In  a  narrow-band  sine  sweep 

When  another  exciter  Is  added  at  mass  7, 
a  good  crossing  results  for  mode  4,  from  which 
one  can  obtain  excellent  tuning.  On  the  other 
hand,  mode  2  Is  missed  entirely,  even  though 
Its  mode  shape  has  a  large  component  at  mass  7. 
Mode  5  Is  also  missed,  but  this  Is  to  be  ex¬ 
pected  since  all  excitation  Is  In  nodal  regions. 
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By  comparing  missed  modes  on  the  determi¬ 
nant  plots  of  Figure  3b  and  10  with  the  associ¬ 
ated  mode  shapes  listed  in  Tables  1  and  2,  we 
may  infer  the  following  rule  of  thumb:  the 
presence  of  an  obvious  missed  mode  on  a  deter¬ 
minant  plot  indicates  that  the  mode  cannot  be 
tuned  with  the  given  shakers  (at  least  not  in 
accordance  with  Asher's  method)  because  too 
many  of  the  shakers  are  positioned  in  nodal 
regions.  Upon  encountering  such  a  situation 
in  modal  testing,  one  would  be  well  advised  to 
try  a  different  shaker  configuration.  It  ap¬ 
pears  that  having  some  shakers  in  nodal  regions 
may  be  helpful,  or  at  least  not  harmful,  for 
tuning,  but  clearly  there  must  also  be  other 
shakers  in  regions  of  appreciable  motion. 


A  circumstance  not  illustrated  by  our 
examples  but  which  occurs  occasionally  is  shown 
on  Figure  12. 


Fig.  12  Typical  poor  zero  crossing 


The  determinant  curve  will  have  a  zero  crossing 


at  (i),,  which  from  the  curve  shape  is  obviously 

a 


different  than  the  natural  frequency  The 
force-amplitude  vector  resulting  from  the  cross¬ 


ings  at  u,  will  probably  provide  rather  poor 

a 


tuning.  Again,  a  different  shaker  configura¬ 
tion  may  be  required. 


Finally,  we  note  that  higher  structural 
damping  manifests  itself  on  coincident-response 
determinant  plots  in  the  form  of  gentler  zero¬ 
crossing  slopes,  as  illustrated  by  Figure  13. 

As  a  consequence,  it  may  be  difficult  to  dis¬ 
tinguish  between  good  and  false  mode  crossings 
on  the  determinant  plot  for  a  heavily  damped 
structure. 


VI.  NOTES  ON  APPLICATION  OF  ASHER'S  METHOD 


For  determinant  evaluation,  we  have  found 
the  method  of  Crout  (Hildebrand  [20]),  which 
employs  triangular  matrix  decomposition,  to  be 
quite  satisfactory.  The  algorithm  is  easily 
prograimied ,  and  execution  is  fast  for  determi¬ 
nants  of  order  ten  or  smaller. 


The  usefulness  of  Asher's  method  is  de¬ 
pendent  in  part  upon  how  well  the  calculated 
force-amplitude  distributions  are  able  to  tune 
modes.  As  discussed  in  Section  V,  the  method 
itself  fails  in  some  cases  due  to  its  intrinsic 


Fig.  13  Variation  of  determinant  plots  with 
damping  level  for  model  5V  with 


=  0.025  and  0.05  in  all  modes 


limitations.  Another  possible  source  of  failure 
in  applications  is  numerical  inaccuracy  in  solu¬ 
tions  of  equations  (16a,  b).  Accurate  solution 
of  equation  (16b)  for  r*  is  easy  provided  that 


[C*]  is  indeed  singular.  Hence,  it  is  essen¬ 
tial  to  be  able  to  determine  the  value  of 
frequency  u'  for  which  D  =  det  [C*]  =  0  and, 
furthermore,  to  have  accurate  values  for  each 
element  of  [C*(u')].  Our  experience  has  been 
that  errors  in  u'  root  solutions  are  amplified 
in  the  corresponding  r*  solutions. 


If  transfer  function  data  is  available  in 
equation  form,  as  in  a  numerical  simulation, 
then  accurate  solution  is  relatively  easy.  We 
have  employed  Newton's  iterative  method  in  the 
approximate  form 


r  >  I  1 

U).  -  U).  , 

♦  _  I  n  1  1  • 

"i+i  -  “i  •  “i[D^“'b~ 


The  accuracy  afforded  by  this  equation  in  our 
application  is  limited  only  by  computer  pre¬ 
cision. 


On  the  other  hand,  if  transfer  function 
data  is  available  only  at  discrete  frequencies, 
then  equation  (24)  is  not  immediately  applica¬ 
ble.  There  are  at  least  two  approaches,  inter- 
elation  and  curve  fitting,  that  might  be  used 
in  this  circumstance. 


Interpolation.  In  this  case,  one  should 
have  available  a  graphics  output  display 
of  the  determinant  plot,  such  as  those 
re^oduced  in  the  paper  by  Stroud  et  a1 
[5].  In  the  neighborhood  of  the  zero 
crossing,  that  plot  should  resemble  Figure 
14.  An  interpolation  equation  should  be 
developed  for  each  transfer  function  using 
the  appropriate  number  of  data  points  sur¬ 
rounding  the  determinant  zero  crossing,  e.q. , 
two  points  for  linear  or  four  point  for 
cubic  interpolation.  With  the  use  of  the 
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Fig.  14  Typical  determinant  plot  at  discrete 
frequencies  near  a  zero  crossing 


interpolation  equations,  equation  (24)  may 
now  be  applied  to  determine  the  crossing 
frequency  u',  and  subsequently  [C(u')]  may 
be  calculated.  This  approach  should  give 
good  results  if  measured  data  is  relatively 
clean;  however,  less  satisfactory  results 
can  be  expected  for  noisy  data  in  the 
vicinity  of  the  zero  crossing. 

2.  Curve  Fitting.  There  are  several  methods 
for  fitting  transfer  function  data,  even 
noisy  data,  to  analytical  equations.  After 
all  elements  of  [C*(a3)]  have  been  fit  to 
equations,  then  equation  (24)  may  be  ap¬ 
plied  to  calculate  zero-crossing  informa¬ 
tion,  This  approach  obviously  requires 
accurate  curve  fitting  in  the  vicinity  of 
modes. 

As  is  discussed  in  Section  III,  a  narrow- 
band  sine  sweep  in  the  tuning  step  of  Asher's 
method  is  preferable  to  a  sine  dwell.  However, 
in  a  multiple-shaker  sine  sweep  it  is  very 
difficult,  due  to  interaction  of  specimen  and 
shaker  dynamics,  to  maintain  constant  ampli¬ 
tudes  and  phases  of  shaker  force  outputs.  In 
view  of  this  difficulty  imposed  by  equipment 
performance,  an  acceptable  alternative  to 
actual  mechanical  tuning  may  be  numerically 
simulated  tuning  with  the  use  of  experimental 
transfer  function  data  and  the  excitation  dis¬ 
tribution  calculated  by  Asher's  method.  For 
example,  if  k  fixed  motion  sensors  and  m  exciter 
locations  are  available  on  the  specimen  for  a 
modal  test,  then  one  can  measure  with  single¬ 
point  excitation  the  corresponding  k  x  m 
experimental  transfer  function  matrix  [Hg(u)]. 

Square  sub-matrices  of  the  real  part  of 
[Hg(u))]  are  evaluated  by  Asher's  method  to 

determine  each  test  natural  frequency  uj  and 

the  associated  tuning  force-arapl i tude  ra  x  1 
vector  F^  (which  is  the  p  x  1  vector  r*,  as 

previously  defined,  supplemented  with  m- 1  zero 
elements).  Now  a  narrow-band  sweep  can  be 
simulated  numerically  to  give  calculated  co¬ 
quad  plots  of  the  k  responses  in  the  jth  test 
mode  simply  by  evaluating 

X(«)  =  [Hg(u,)]  Ft 

in  a  narrow  band  about  uj.  This  assumes  either 


that  the  frequency  resolution  of  [Hg(u)]  is 

sufficiently  fine  to  provide  several  points  in 
the  narrow  band,  or  that  each  element  of  [Hg(u)] 

is  represented  continuously  by  a  curve-fit 
equation.  If  the  test  specimen  behaves  linear¬ 
ly,  then  all  of  the  information  that  one  might 
wish  to  determine  about  the  k  sensor  responses 
from  a  multiple-shaker  sine  sweep  or  dwell  is 
already  contained  in  [Hg((D)].  So  a  multiple- 

shaker  test  is,  in  fact,  redundant  unless  one 
wishes  to  determine  additional  information  not 
available  from  the  k  sensors,  such  as  an  accu¬ 
rate  map  of  nodal  regions. 


VII.  CONCLUDING  REMARKS 

Asher's  method  for  modal  testing  by 
multiple-shaker  sinusoidal  excitation  has  been 
described  in  detail.  Modal  testing  has  been 
simulated  numerically  on  mathematical  struc¬ 
tural  models  to  illustrate  the  types  of  results 
that  can  be  expected  in  practice.  These  re¬ 
sults  demonstrate  that  the  method  may  succeed 
or  it  may  fail  depending,  evidently,  on  the 
number  and  locations  of  exciters.  Finally, 
numerical  techniques  required  for  implementa¬ 
tion  of  Asher's  method  have  been  discussed, 
and  a  numerical  alternative  to  actual  multiple- 
shaker  mechanical  tuning  has  been  suggested. 

In  view  of  the  existence  of  efficient 
modern  methods  for  characterizing  structural 
modes  by  curve  fitting  of  transfer  function 
data,  it  might  be  contended  that  multiple- 
shaker  tuning  is  no  longer  necessary.  This  is 
a  reasonable  contention  only  if  modal  density 
is  low.  As  stated  by  Hamma  et  al  [6]  in  their 
concluding  remarks,  curve  fitting  in  frequency 
regions  of  high  modal  density  can  lead  to  in¬ 
consistent  results.  All  curve-fit  methods  are 
based  upon  specific  analytical  models,  all  re¬ 
quire  an  estimate  of  the  number  of  participat¬ 
ing  modes,  and  most  require  at  least  initial 
estimates  of  some  modal  parameters.  Hence, 
curve  fitting  is  to  some  extent  a  subjective 
process,  and  for  closely  spaced  modes  it  might 
lead  to  incorrect  modal  parameters  or  it  might 
even  miss  modes.  Clearly,  the  most  important 
application  of  multiple-shaker  testing  by 
Asher's  method  is  in  separating  closely  spaced 
modes  which  cannot  be  adequately  characterized 
by  curve-fit  methods. 
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MODAL  CONFIDENCE  FACTOR  IN  VIBRATION  TESTING* 


Sam  R.  Ibrahim 
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Old  Dominion  University,  Norfolk,  VA 


The  "Modal  Confidence  Factor",  "MCP*,  is  a  number  calculated  for 
every  identified  mode  for  a  structure  under  test.  The  MCF  varies 
from  0.00  for  a  distorted,  nonlinear,  or  noise  mode  to  100.0  for  a  pure 
structural  mode.  The  theory  of  the  MCF  is  based  on  the  correlation 
that  exists  between  the  modal  deflection  at  a  certain  station  and  the 
modal  deflection  at  the  same  station  delayed  in  time.  The  theory  and 
application  of  the  MCF  is  illustrated  by  two  experiments.  The  first 
e^^riment  deals  with  simulated  responses  from  a  two  degree  of 
freedom  system  with  20%,  40%,  and  100%  noise  added.  The  second 
experiment  was  run  on  a  generalized. pay  load  model.  The  free  decay 
response  from  the  payload  model  conitained  about  22%  noise. 


INTRODUCTION 

In  modal  vibration  testing  of  complex 
structures,  there  exists  some  level  of  uncer¬ 
tainties  as  to  the  identified  modal  parameters 
in  spite  of  the  method  of  technique  used  to 
extract  these  modes.  Ibese  uncertainties 
arise  due  to  nonlinearity  of  structure  under 
test,  high  coupling  between  closely  spaced 
modes  and  or  high  levels  of  noise  in  the  data 
used. 

The  theory  and  applications  of  a  "time 
domain"  modal  test  technique  were  presented 
[  1]  >  [  2] .  and  [  3] .  The  method  uses  free 
decay  or,  [4] ,  random  responses  from  a  struc¬ 
ture  under  test  to  identify  its  modal  character¬ 
istics  namely,  natural  frequencies,  damping 
factors  and  mode  shapes.  The  method  was 
proved  to  be  accurate,  economical  and  insen¬ 
sitive  to  high  levels  of  noise  in  the  data. 
Furthermore  the  method  can  identify  multi¬ 
modal  (highly  coupled)  systems  and  modes  that 
have  very  small  contribution  in  the  responses. 

In  [  3] ,  a  method  is  presented  to  decrease 
the  effects  of  high  levels  of  noise  in  the  data 
and  thus  improve  the  accuracy  of  identified 
parameters.  This  is  done  by  using  an  over¬ 
sized  mathematical  model.  If  the  responses 
to  be  used  are  thought  to  have  m  number  of 
modes,  a  math  model  to  identify  (m  +  n)  modes 
is  used.  This  gives  n  exits  for  noise  and  the 
m  modes  can  be  identified  more  accurately. 

In  this  paper,  the  concept  of  Modal  Confi¬ 
dence  Factor  (MCF)  is  developed.  MCF  is  a 


factor  computed  for  every  identified  mode  and 
this  factor  should  be  unity  for  any  linear 
structural  mode.  Using  this  MCF,  the  clean 
structural  modes  can  be  separated  from  noise 
modes  without  leaving  much  chance  for  per¬ 
sonal  judgement. 

The  theory  of  the  MCF  is  based  on  using 
the  response  of  a  station  on  the  structure  under 
test,  x(t),  and  the  same  response  delayed  At  , 
x(t  +  At  ),  (a  transformed  station),  in  the  iden¬ 
tification  program.  For  every  identified  mode, 
the  MCF  is  calculated  as  function  of  the  modal 
deflections  at  the  original  station  and  the 
transformed  station,  the  frequently  and  damp¬ 
ing  for  that  mode  and  the  delay  time  At  . 

Simulated  and  e^^rimental  results  are 
reported  in  support  of  the  MCF  theory  devel¬ 
op^  in  this  paper. 

It  is  important  to  note  that  although  the 
MCF  is  developed  to  be  used  in  conjunction 
with  the  "time  domain"  identification  technique, 
the  same  concept  can  be  adapted  for  use  with 
other  vibration  identification  techniques. 


BACKGROUND 

1.  Time  Domain  Identification  Technique: 

This  technique  is  fully  described  in  [2]  and 
[3].  It  uses  the  free  responses,  (free  decay), 
of  a  structure  under  test  to  identify  its  vibra¬ 
tion  parameters;  namely  frequencies,  damping 
factors,  and  model  vectors  in  complex  form. 
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From  the  measured  free  responses  at  n 
stations  on  a  structure  under  tes^  and  assum¬ 
ing  that  the  responses  contain  n  modes,  a 
matrix  [A]  is  formed  such  that 


where, 


[AJ  = 


Xij  =  X. 

Yij  =  X. 
Zy  =  X 


r[Yi 

■[x[ 

L[zj. 

(1) 


(V 

(tj  +  At) 
(t.  +  2At) 


i  =  1,  n  and  j  =  1,  2n. 


Hie  eigen  vectors  of  the  [Aj  matrix  are 
the  modal  vectors  and  the  eigen  values,  a^, 
are  related  to  the  characteristic  roots,  Xj,  of 
the  system  through  the  equation 


o(i  =  e 


Xi  At 


(2) 


This  technique  was  originally  developed 
such  that  for  unique  identification  the  order  of 
the  matrix  [A]  should  be  equal  to  twice  the 
number  of  modes  excited  in  the  measured 
response  vector  x  . 

In  case  of  noisy  data,  two  methods  were 
presented  in  [3]  to  reduce  the  effect  of  noise 
on  identified  parameters.  One  of  these 
methods  was  to  use  a  mathematical  model  of 
order  higher  than  the  number  of  modes 
excited  in  the  responses  used  for  identifica¬ 
tion.  The  difference  between  the  order  of  the 
mathematical  model  and  the  number  of  modes 
in  the  responses  is  merely  an  exit  for  the 
noise  in  the  data.  Using  an  oversized  math 
model  was  proven  to  be  very  effective  in 
reducing  the  effect  of  high  levels  of  noise  on 
identified  parameters. 

2.  Transformed  Stations 

The  time  domain  identification  technique 
was  developed  to  use  the  minimum  amount  of 
measuring  channels.  Any  structure  however 
complex  can  be  identified  using  only  two 
measuring  stations  at  a  time  with  one  station 
kept  as  a  reference  station  all  the  times. 

Due  to  this,  a  situation  will  arise  when  the 
number  of  modes  excited  in  the  measured 
responses  is  greater  than  the  number  of 
measuring  stations.  In  such  a  case,  it  is  not 
necessary  to  physically  add  measurement 
equipment  and  repeat  the  e^riment;  it  is 
possible  to  use  "assumed  stations"  for  which 
the  responses  are  generated  using  the 
response  of  the  original,  or  real,  stations. 
Indeed,  if  x(t)  is  the  response  of  the  p  real 


stations  on  a  structure  and  m  is  nundi>er  of 
modes  in  the  response,  the  reenonse  at  p 
assumed  staticms  can  take  the  form  of 
x(t  +  At  ).  This  can  be  shown  by  writing  the 
response  at  time  tj  as 


A.t, 


2m 

x(tj)  =  ^  e  "i'j 
i=l 


(3) 


and  at  time  (tj  +  At  ) 


2m 


^  X.  At  X.t, 
x(tj  +  AT )  =  x(tj)  =  ^  Rj  e  ^  ii®  ^  (4) 

iti 


where  is  a  constant  associated  with  modal 
vector  and  X^  is  the  ith  characteristic  root 
Hie  two  responses  of  equations  (3)  and  (4)  can 
be  written  as 


5(tj) 

2m 

>i' 

=  1 

x(tj) 

i=l 

h 

(5) 


where 


XjAt 


j^i  =  e 


(6) 


Equation  (5)  may  be  considered  to  be  the 
response  vector  for  a  system  with  2p  staticms 
and  m  modes.  Hiis  procedure  can  be  repeated 
to  increase  the  apparent  number  of  stations 
to  4p,  . . .  etc. 


THEORY  OF  THE  MODAL  COKHDENCE 
FACTOR 

In  a  ^ical  modal  testing  of  a  structure, 
if  x(t)  is  the  measured  free  responses  from  p 
st£li<ni  on  the  structure  under  test,  new  re¬ 
sponses  X  (t)  s  x(t  +  At  ),  I(t)  =  x(t  *  2At),  .  . . 

etc.  will  be  generated  to  increase  the  apparent 
nuDober  of  stations  to  be  used  in  the  identifica¬ 
tion  program. 

To  calculate  the  "MCF"  for  a  specific 
mode,  one  of  the  structure' s  stations  will  be 
arbltrarllv  specified  together  with  the  same 
statitm  deuyed  in  time  At  ,  sav.  If  X  is  the 
identified  characteristic  root  for  the  mode,  Q 
is  the  identified  modal  d^ection  at  the  chosen 
structure' s  station,  and  Q  is  the  identified 
modal  deflection  at  the  same  station  delayed 
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At  ,  these  quantities  can  be  used  to  calculate 
the  "MCF"  for  the  mode  under  consideration. 
]^om  the  theory  of  transformed  stations 
discussed  in  the  preceeding  section,  the  modal 
deflection  expected  at  the  transformed  station 
should  be: 

Q  ♦  ^  =  Q 

^expected  ^ 


If  the  identified  mode  is  a  clean  linear 
structural  mode  Q  should  be  equal  to 
5»pect«l.  *“"‘11'. 

from  which  the  equation  for  the  "MCF"  will  be 


(MCF)  = 


X  100  Q  >  Expected 
X  100  Expected  >  Q. 


EXPERIMENTAL  RESULTS 

1.  Simulated  Experiment  On  A  Two-Degree- 
ot-freedom  systenT 

Free  decay  responses  from  the  system 
shown  in  Fig.  1  were  simulated  on  the 
CDC-6600  computer.  Generated  random  num¬ 
bers  were  added  to  the  responses  as  noise. 
Three  different  noise  levels  were  added  such 
that  the  root  mean  square  values  of  noise/ 
signal  ratio  were  20% ,  40% ,  and  100% .  Fig.  2 
shows  the  free  decay  responses  xi(t)  and  X2(t) 
without  noise  and  with  three  different  levels  of 
noise  added. 

The  responses  were  used  to  identify  the 
modal  parameters  of  the  system  using  the  time 
domain  technique  described  in  [3] .  Different 
orders  for  the  math  model  were  assumed. 

Math  models  of  2,  4,  6,  8  and  10  degrees  of 
freedom  were  used.  The  "MCF"  for  different 
cases  was  calculated.  Results  are  summarized 
in  Tables  1  and  2.  In  Table  1  the  "MCF"  for 
the  first  two  modes,  the  real  system' s  modes, 
is  quite  high.  For  the  rest  of  the  modes  "MCF" 
is  low  Indicating  non-structural  modes  or  noise 
modes.  The  identified  frequencies  and  damp¬ 
ing  factors  are  listed  in  Table  2  together  with 
the  percentage  error.  The  errors  in  the  iden¬ 
tified  parameters  are  much  lower  that  the 
percentage  of  noise  in  the  responses  used  for 
identification  even  in  the  case  of  100%  noise. 


Generalized  Payload  Model 


The  payload  model  is  shown  in  Fig.  3. 


Sixteen  accelerometers  were  fixed  to  the  eight 
bulkheads;  eight  accelerometers  on  each  side. 
Fig.  3.  Two  data  groups  were  used.  Data 
group  one  had  accelerometers  1  to  8.  Data 
group  two  had  accelerometers  9  to  16  and 
accelerometers  9  to  16  and  accelerometer  8  as 
a  common  accelerometer  for  the  two  data 

f roups.  A  random  input  was  applied  at  station 
.  The  input  was  cut  off  and  free  responses 
from  data  group  one  were  recorded  on  a  tape 
recorder.  The  procedure  was  repeated  for 
data  group  two.  A  two-way  switch  was  used  to 
cut  off  the  random  input  and  at  same  time 
generate  a  D.C.  signal  of  about  1  volt.  The 
start  of  the  D.C.  signal,  recorded  on  a  separate 
channel  of  the  tape  recorder,  was  used  to 
determine  the  start  of  the  free  response. 

The  free  responses  were  filtered  to  elimi¬ 
nate  frequency  components  higher  than  350  Hz 
and  then  digitized  at  a  sampling  rate  of  2000 
sample/second.  Only  500  points  for  each 
channel  were  stored  to  be  used  as  data  for  the 
identification  program.  This  corresponds  to 
a  record  lengtti  of  0.25  second. 

The  noise/signal  ratio  for  the  resulting 
data  was  estimated  at  about  22% .  This  esti¬ 
mate  was  based  on  comparing  two  responses 
from  station  8  that  were  recorded  simulta¬ 
neously  on  two  channels  of  the  tape  recorder. 
The  root  mean  square  of  the  two  records,  rms 
and  RMS,  were  calculated  and  the  noise/signal 
ratio  was  estimated  using  the  following 
formula: 


(RMS  -  rms)^ 
RMS  X  rms 


Higher  order  response  vectors  were  gen¬ 
erated  by  delaying  the  responses  of  the  original 
17  stations  0.005  seconds  and  0.01  seconds  thus 
having  the  apparent  number  of  stations  to  be  51. 
These  responses  were  used  as  data  for  the 
time  domain  identification  program.  Three 
cases  were  studied  for  each  of  which  the  size 
of  the  mathematical  model  was  different.  Math 
model  of  20,  30,  and  40  degrees  of  freedom 
were  used.  Modal  characteristics  were  iden¬ 
tified  together  with  the  "MCF"  for  each  mode. 
Table  3  lists  the  "MCF"  for  the  three  cases. 

In  all  the  cases  the  "MCF"  was  consistantly 
high  for  the  first  11  modes  and  very  low  for  the 
rest  of  the  modes  indicating  11  modes  excited 
in  the  responses  used.  Table  4  lists  the  iden¬ 
tified  frequencies  from  the  time  domain  tech¬ 
nique  together  with  frequencies  identified  using 
frequency  sweep,  "NASTRAN",  and  "FFT'. 


CONCLUSIONS 

The  modal  confidence  factor  "MCF"  is  a 
very  powerful  tool  in  the  identification  of  modal 
characteristics  of  structures.  It  is  specially 
useful  when  the  data  used  has  high  levels  of 
noise.  The  "MCF'  can  differentiate  between  a 


real  structural  mode  and  a  noise  mode. 
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FIGURE  1.  TWO-DEGREE-OF-FREEDOM  SYSTEM 
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%  ERROR 
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TABLE  3.  "MCF"  FOR  PAYLOAD  MODEL 
ivicF 


20  MODES  30  MODES 


40  MODES 
X 


1  93.5  0.0  97.5  0.0  0.0  97.7  0.0  0.0  11.6 

2  98.3  0.0  98.2  0.0  0.0  98.2  0.0  0.1  9.6 

3  97.8  0.0  99.2  0.0  0.2  99.8  0.0  0.1  18.6 

4  98.2  0.0  98.6  0.0  2.5  98.5  0.0  0.5  12.3 

5  94.8  0.0  97.0  0.0  7.5  97.8  0.0  0.2  25.3 

6  94.0  0.0  96.1  0.0  3.9  96.5  0.0  0.4  72.9 

7  81.0  0.2  88.9  0.0  19.5  87.3  0.0  1.3  79.2 

8  96.2  1.6  99.6  0.0  63.4  99.0  0.0  0.6 


9  75.6  31.2  89.0  0,0 
10  92.9  93,0  0.0 


11  97.9 


93,0  0.0 

98.0  0.0 


92.0  0.0  1.6 

93.1  0.0  3.4 

97.9  0.0  3.3 
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,  ^  7  ♦  ■  « 


MODE 

NO. 


TIME  DOMAIN 

FREQUENCY 

SWEEP 

20 

D.O.F. 

30 

D.O.F. 

40 

D.O.F. 

74.2 

74.2 

74.1 

74.6 

78.7 

78.7 

78.7 

79.7 

119.9 

119.8 

119.8 

120.7 

156.6 

156.6 

156.6 

158.5 

162.1 

161.9 

161.9 

163.1 

216.0 

216.4 

216.4 

219.2 

245.4 

245.4 

245.2 

246.7 

258.9 

259.2 

259.3 

7 

260.1 

260.6 

261.0 

263.7 

280.9 

280.9 

280.9 

283.7 

325.3 

325.3 

325.3 

325.0 

74.1 

78.8 

119.6 

156.5 

161.6 
216.5 
245.0 
259.0 
261.0 
281.0 
325.0 


283.0 


DISCUSSION 


Voice :  Isn' t  a  factor  a  function  of  the 
delta  T  that  you  use  In  your  formula? 

Mr.  Ibrahim:  It  la  a  function  of  delta  T. 

Voice ;  What  delta  T  did  you  use? 

Mr.  Ibrahim;  In  delaying  the  response? 

Voice;  Yes. 

Mr.  Ibrahim;  Ihere  are  no  constraints  on  the 
delta  T  that  you  use  to  delay  your  station. 

Voice ;  Don't  you  have  to  use  a  number  to  do  It? 
Don't  you  have  to  use  a  delta  T  In  order  to 
use  the  technique? 

Mr.  Ibrahim;  Yes,  I  use  It  but  there  Is  no 
constraint  on  It.  If  your  sampling  frequency, 
or  the  time  between  two  samples.  Is  one 
millisecond  you  can  delay  your  response  three 
samples,  five  samples,  or  ten  samples  and  use 
the  same  time.  You  will  use  a  delta  T  of 
three  thousandths,  five  thousandths,  or  ten 
thousandths.  I  tried  using  different  delta 
T's  and  they  gave  me  modal  confidence  factors 
of  97.6,  98.2,  or  93. S.  It  Is  a  function  of 
the  delta  T.  You  use  the  delta  I  to  get  the 
"mcf",  but  there  Is  no  constraint  on  delta 
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In  the  case  of  complex  structures  whose  equations  of  motion  cannot  be  obtai¬ 
ned  directly,  even  by  finite  element  techniques.  It  may  be  possible  to  get  their 
potential  and  kinetic  energies  from  experiments.  A  building  block  approach  taking 
Into  account  constrained  or  unconstrained  substructures  Is  used.  Components  whose 
properties  are  determined  by  experiments  are  connected  to  those  modeled  by  finite 
element  techniques.  In  connection  with  theoretical  formulations,  experimental  de¬ 
vices  and  procedures  are  presented.  A  new  transfer  function  analyser  system  has 
been  used.  The  constrained  and  unconstrained  modal  methods  are  applied  first  to  a 
beam  in  bending  In  order  to  point  out  the  experimental  aspects  of  these  techniques. 
The  methods  are  then  applied  to  a  complex  practical  structure  and  agreement  bet¬ 
ween  experimental  and  theoretical  results  Is  shown  to  be  good. 


INTRODUCTION 

The  formulation  of  the  equations  of  motion 
is  an  important  step  In  the  dynamic  analysis  of 
structural  systems.  In  the  case  of  undamped 
structures,  mass  and  stiffness  matrices  are  nee¬ 
ded.  This  Is  sometimes  achieved  by  calculations 
using  finite  element  techniques. 

In  the  case  of  complex  structures  where 
dynamic  modeling  of  the  whole  structure  is  im¬ 
possible  by  a  classical  analytical  approach,  or 
generally  a  finite  element  approach,  the  global 
potential  and  kinetic  energies  may  be  obtained 
using  a  building  block  approach  |6|.  The  struc¬ 
ture  is  divided  into  interconnected  components. 
Each  of  these  can  be  analysed  using  either  an 
analytical  model  or  an  experimental  test  proce¬ 
dure.  By  appropriate  coupling  the  dynamic  cha¬ 
racteristics  of  each  component,  the  kinetic  and 
potential  strain  energies  of  the  global  struc¬ 
ture  is  set  up.  Application  of  Lagrange's  equa¬ 
tion  leads  then  to  the  differential  equation 
system  that  can  be  used  to  predict  the  dynami¬ 
cal  behavior  of  the  structure. 

Experimentally  determined  components  are 
obtained  according  to  a  general  method  developed 
by  Klosterman  |1|,  ...,  |5|.  Throughout  the  ex¬ 
periments,  components  can  be  clamped  (constrai¬ 
ned  modal  methods)  or  free  at  t^'a  connection 
(unconstrained  modal  method). 


Although  the  constrained  modal  method  has 
already  been  presented  |9[,  a  synthesis  of  the 
theoretical  formulation  of  both  methods  Is  pre¬ 
sented  in  the  paper.  Here  experimental  aspects 
and  limitations  are  pointed  out,  experimental 
devices  and  procedures  are  developed.  Results 
are  given  for  a  cantilever  beam  In  bending  In 
order  to  evaluate  the  experimental  aspects  of 
these  modal  techniques. 

Both  methods  have  been  tested  on  an  Indus¬ 
trial  structure  consisting  of  an  horizontal 
plate  (theoretically  determined  substructure) 
fixed  on  a  foundation,  to  which  a  vertical  cy¬ 
linder  Is  connected  (experimentally  determined 
substructure) . 

SUBSTRUCTURE  ANALYSIS  AND  DYNAMIC  COUPLING 

Finite  element  analysis 

The  methods  are  presented  In  terms  of  two 
substructures  and  can  be  easily  extended  to  many 
components . 
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Fig.  1  :  Structure  decomposition 
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Let  the  degrees  of  freedom  at  the  points 
of  connection  of  the  two  components  SSI  and  SS2 
be  designated  by  the  two  vectors  |6  |  and 

|«  2  lU  while  the  two  vectors  |6.  y  and 
are  the  others  degrees  of  freedom^f  SSI  and 
SS2  respectively.  Let  us  suppose  that  SSI  is 
analysed  by  finite  elements  and  that  Tj  and  Uj 
are  respectively  the  kinetic  and  potential  ener¬ 
gy  of  this  substructure. 

From  a  classical  finite  element  represen¬ 
tation  of  SSI 

I'^ci.al  hcc.i  "'ci.il  hci,2| 


■"ico  "'ii.i 
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A  finite  element  representation  of  SS2 
whould  be  similar  but,  if  we  suppose,  that  only 
experimental  tests  can  be  performed  to  charac¬ 
terize  SS2,  the  finite  element  expression  of  T2 
and  U2  will  be  transformed,  using  a  modal  basis 
where  all  formulations  are  expressed  in  terms 
of  experimental  data. 

Unconstrained  modal  method 

If  SS2  is  experimentally  tested  free  at  the 
connection  modes,  the  modal  basis  used  is  : 


•  .'.,1 
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Y1 

C2,l 

=  U!*1yj2)1  = 

Y2 
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^n 

The  matrix  |i()|  is  composed  of  the  "n"  first 
eigenvectors  used  for  the  representation  of  SS2. 
li|i|  includes  rigid  body  modes  if  they  exist  and 
the  first  elastic  modes  of  vibration. 

Using  (3)  :  (1)  and  (2)  become  : 

2T2  =  lT(2)l^*i''^(2)J-l^(2)i 
2U2  =  |y(2)I^'|'^2)J’'^(2)I 

1  M,..  I  and  j  K,-,  1  are  the  modal  mass  and 
and'^''  stiffnesi^^'  matrices  associated  to  the 
modal  coordinates  vector  Iy(2)I’ 

If  they  are  more  than  one  rigid  body  modes, 
for  example  two  (ui  =  0,  m2  =  0)  the  orthogona¬ 
lity  conditions  are  : 
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t  <6) 
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i  0 
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(8) 

il/i  .M.i(/2  i  0  (in  general) 

Then  the  |  M.g,  1  mass  matrix  can  have  off 
diagonal  terms.  '  ''The  rigid  body  modes  are 
orthogonal  if  they  are  expressed  using  the  prin¬ 
cipal  inertia  axis  at  the  center  of  gravity  of 
structure  j8|,  |10|. 

The  total  kinetic  and  potential  energies 

are  : 

2T  =  2Ti  +  2T2 
2U  =  2Ui  +  2U2 

and  because  of  the  condition  at  the  connecting 
points  : 

^Cl,2  =  ^C2,l  =  I'^cl  l^(2)l 

T  and  U  become  : 
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From  Lagrange's  equations,  differential 
equation  systems  of  the  structures  is  easy  to 
obtain.  If  they  are  no  external  forces  : 
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Then  the  first  component  is  described  by  a 
finite  element  method,  the  second  component  is 
described  from  experimental  tests  ;  modal  masses 
and  stiffnesses  and  corresponding  eigenvectors 
of  SS2  tested  free  at  the  connection  nodes. 

Constrained  modal  method 

This  method  has  been  presented  previously 
|7|,  |9|  and  thus  will  be  presented  briefly?  SS2 
is  clamped  at  the  connection  nodes.  One  has  : 
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If  the  masses  at  the  connection  nodes  are  neglec¬ 
ted  the  kinetic  energy  of  SS2  is  : 

2T2  =  Iy(2)  1^*  I'^i  l'"ii  ,2^  *  I'^i  I  *  !^(2)  f 

2T2  =  ^(2).'' ^^(2)i 

and  the  potential  strain  energy  is  : 
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Modal  forces  at  the  constrained  nodes  of 

SS2  are  given  by^'- 

l*‘ci,2‘'^!'l^(2)l  '  l^cl  ^ 

and  k^^  j  can  be  expressed  in  form  of  : 

1^0.2!  =  ix'i  ^  l«(2)l  i^2)l‘^  |R(2)|‘  (18) 

Where  |K*|  is  a  supplementary  stiffness 
matrix,  experimentally  determined  if  the  set  of 
connection  nodes  is  a  redundant  one,. 

(|K*l’l'5cl,2l  =  l^'cl)’  1"°’  I’'!- 

As  for  the  unconstrained  modal  method,  T 
and  U  for  the  global  structure  are  obtained  and  : 
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If  the  mass  at  the  connection  node’s  of  SS2 
has  to  be  used  it  can  be  taken  in  account  by 

"'cc,2' 

Then  the  first  component  is  described  by  a 
finite  element  method  the  second  component  is 
described  from  experimental  tests  :  modal  masses, 
stiffness,  forces  and  corresponding  eigenvectors 
of  SS2  tested  clamped  at  the  connecting  nodes. 

In  the  two  methods  the  mass  and  stiffness 
matrices  are  expressed  in  a  standard  form  used 
by  most  of  the  finite  element  computer  programs. 

EXPERIMENTAL  ASPECTS  AND  LIMITATIONS 

Unconstrained  modal  method 

The  experimentally  determined  modal  para¬ 
meters  are  : 

u.j ,  natural  frequencies 

<1 . ,  mode  shape  of  the  component 

m1 ,  modal  mass. 

If  often  occurs  that  the  connection  area  is 
free  and  thus  free-free  experimental  tests  have 
to  be  made.  This  is  not  always  possible  in  fact 
but  this  method  is  very  well  adapted  for  light 
structures  which  belong  for  example  to  many  of 
the  aeronautical  structures.  Amongst  the  diffi¬ 
culties  that  have  to  be  considered  let  us  men¬ 
tion  :  rigid  body  mode  determination. 

The  rigid  body  modes  may  be  calculated,  but 
they  can  also  be  determined  experimentally. 
Knowing  the  effective  mass  and  the  center  of  gra¬ 
vity  of  the  substructure  a  well  chosen^et  of 
very  low  frequencies  response  leads,  through  an 
identification  technique,  to  the  required  modal 
parameters  of  those  constrained  rigid  body  modes 
|8l.  For  diagonal  modal  matrices  the  axes  are 
the  principal  inertia  axes,  at  the  center  of 
gravity. 

If  the  excitation  direction  is  not  straight 
towards  the  center  of  gravity,  undesirable  mo¬ 
ments  are  perturbing  the  force  measuring  link. 
Several  solutions  have  been  successfully  tested  : 
introduction  of  a  steel  rod  between  excitation 
and  structure  (push-rod)  or  constrained  steel  rod 
sunken  in  a  polymer  sleeve  :8I. 

The  discontinuity  of  the  stiffness  between 
the  connecting  area  and  the  inner  part  of  the 
components  (for  example  low  rigif^’^y  of  machine¬ 
ry  connecting  pads)  may  be  very  large.  In  the 
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dynamical  behavior  of  the  component  alone  these 
areas  have  very  large  amplitudes  compared  with 
the  main  part.  These  mode  shapes  singularities 
are  not  adapted  to  experimental  measurements. 

The  modal  basis  is  composed  of  a  large  number  of 
undesired  natural  modes  (for  example  pads  in 
phase  or  out  of  phase)  which  are  of  no  interest 
in  the  global  behavior.  In  general  the  connec¬ 
tion  of  the  components  gives  a  high  stiffness 
in  this  area. 

Constrained  modal  method 

The  experimentally  modal  parameters  are  : 

(D. ,  i|)..  Mi  as  in  the  unconstrained  modal  method 
and  also  'fi.  modal  forces.  Here  the  component 
has  to  be  clamped  at  the  connection  nodes  during 
the  experimental  tests.  Two  main  difficulties 
have  to  be  considered  : 

In  the  constrained  area  modal  forces  and 
moments  related  to  the  degrees  of  freedom  of  the 
connecting  nodes  (displacements  or  rotations) 
are  not  well  experimentally  determined.  In  fact, 
for  most  industrial  structures,  a  good  set  of 
constrained  modal  forces  without  any  measurement 
of  moments,  leads  to  a  satisfactory  dynamic  be¬ 
havior  of  the  global  structure.  In  our  tests 
force  measuring  links  are  located  in  ball  joints 
to  cancel  the  unwanted  effect  of  moments. 

The  problem  of  interaction  between  support 
and  substructures,  common  to  heavy  structures. 


shaker 


is  a  limitation  of  the  constrained  modal  method. 
The  constrained  boundary  conditions  are  no  more 
existing.  The  dynamic  behavior  of  the  com|Dnent 
is  related  to  the  foundation.  One  of  our  future 
work  will  be  to  determine  how  to  use  identified 
data  of  a  component,  coupled  to  an  active  foun¬ 
dation,  whose  dynamic  characteristics  (component 
+  foundation)  have  been  previously  determined. 

Experimental  devices  and  procedures 

Measurement  techniques  and  experiments 
have  been  developped  by  METRAVIB.  The  experimen¬ 
tal  approach  is  based  upon  the  concept  of  a 
single  shaker  impedance  technique.  A  general 
equipement  has  been  developed  ;  the  "1191  Vibra¬ 
tion  Measurement  and  Analysis  System".  A  trans¬ 
fer  function  analyser  (Solartron)  is  associated 
to  a  mini  computer  (POP  11/05  Digital  Equipment) 
figure  2. 

The  mechanical  transfer  functions  (X/F)  are 
obtained  and  identified  to  an  analytical  deve- 
loppement.  The  mini -calculator  leads  then  to 
the  best  values  of  the  required  modal  parame¬ 
ters,  (figure  3) . 

Natural  frequencies,  damping  coefficient, 
complex  mode  shapes,  residual  flexibility  are 
obtained. 

This  equipement  has  been  tested  on  several 
industrial  existing  structures.  The  experimental 
data  of  the  complex  structure  presented  in  this 
paper  were  obtained  likewise,  (figure  4). 
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NUMERICAL  CONSIDERATIONS 

Two  general  programs  have  been  developed 
using  the  Klosterman's  building  block  approach 
for  experimental  constrained  and  unconstrained 
modal  representations  of  components. 

They  are  written  in  Fortran  IV,  specially 
adapted  to  CDC  7600  computers,  and  are  also  as¬ 
sociated  to  a  general  finite  element  program, 
used  for  substructures  represented  by  finite 
element  techniques,  (SAP  IV),  |24|. 

The  lowest  natural  frequencies  and  corres¬ 
ponding  eigenvectors  of  the  complete  structure 
are  obtained  by  the  simultaneous  Iteration  me¬ 
thod,  |25|. 

APPLICATION  TO  BEAMS 

Both  methods  have  been  tested  on  simple 
examples  consisting  of  beams  In  bending.  Two 
types  of  end  conditions  are  considered  : 
clamped- free  (figure  5)  and  clamped-clamped 
(figure  6). 

The  first  part  of  the  beam  (SSI  :  first 
component).  Is  always  modeled  by  five  beam  ele¬ 
ment  (analytically  determined  substructure).  The 
second  part  of  the  beam  (SS2  :  second  component) 
Is  modeled  by  constrained  or  unconstrained  modal 
data  (experimentally  determined  substructure). 

In  a  first  step  analytical  data  are  substitued 
to  experimental  data  to  test  the  methods. 


The  accuraty  of  the  description  of  the  dy¬ 
namic  behaviour  of  the  complete  structure  (SSI 
SS2)  Is  good  for  both  methods  (table  1  and  2). 
The  influence  of  each  mode  In  the  modal  basis 
is  shown  (effect  of  even  or  uneven  modes  of  SS2) 
and  all  modes  have  to  be  taken  In  the  frequency 
range  of  Interest.  The  best  results  are  obser¬ 
ved  If  the  component  modes  are  similar  to  those 
of  the  entire  assembly  (table  3). 

Results  concerning  the  constrained  modal 
method  have  been  presented  In  a  previous  paper 
|9|  and  are  not  given  here. 

As  to  experimental  data  quite  large  errors 
on  modal  data  of  SS2  do  not  affect  significantly 
the  resulting  global  behavior  of  the  complete 
structure  (table  4).  The  two  techniques  seem 
well  adapted  for  experimental  procedures  and 
have  to  be  tested  on  more  complexe  structures. 

Clamped  free  beam  In  bending  (figure  5) 


^i.2 _ _ _  I-/2 _ 

^  6ii  6cV2  6i2  X 

L=lm,  h=0,01m,  E  =  2.10iiN/m2,  p  =  7800  kg/m’ 

551  Is  modeled  by  a  finite  element  technique, 

552  Is  either  constrained  or  unconstrained. 


Ni 

Nz 

Na 

N4 

8.17 

51.2 

143. 

281. 

8.17 

51.2 

143. 

281. 

8.26 

53.9 

143. 

298. 

8.25 

54.3 

144. 

299. 

8.38 

67.7 

268. 

632. 

120. 

297. 

447. 

745. 

8.26 

53.5 

143. 

294. 

(1)  Theoretical  results 

(2)  Finite  elements  results  (SS1+SS2) 

(3)  SSI  5  Finite  elements, 

(4)  SSI  5  F.E.  diagonal  mass  matrix 


SSI  5  F.E.  diagonal  mass  matrix 
SSI  5  F.E.  diagonal  mass  matrix 


(7)  SSI  5  F.E. 


2  rigid  body  modes 

3  unconstrained  elastic  modes 

2  rigid  body  modes 

3  unconstrained  elastic  modes 

2  rigid  body  modes 

3  unconstrained  elastic  modes 
5  constrained  elastic  modes 


Table  1  :  Natural  frequencies  of  the  whole  structure 


'•hz 

TH 

n  ■>  6 

Ni 

52.04 

51.8 

N2 

143.4 

141.7 

N3 

281.2 

291.8 

N4 

464.9 

466.5 

Ns 

694.5 

724.7 

Ns 

970. 

979. 

N7 

1291. 

1362. 

Ns 

1658. 

1690. 

Ns 

2072. 

2212. 

n  *  5 


52.09 


981. 


141.8  142.2 


298.4  305.6 


468.5  473.2 


744.4  774.9  1272. 


2027. 


990.  1338. 


1426.  2092. 


2168.  3362. 


3417.  4943. 


n  «  1 


64.2 


254.2 


639.9 


1207.9 


1963. 


3252. 


4817. 


7071. 


9949. 


Table  3  :  Natural  frequencies  of  the  whole  structure 


'■-.--..A 


vV- 


Influence  of  the  required  experimental  data 
Clamped-free  beam  with  unconstrained  modal 


data. 


Nc 

hz 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

Ni 

8.17 

8.26 

8.32 

8.16 

8.28 

8.28 

Nz 

51.26 

53.9 

57.7 

49.8 

53.7 

55.5 

Ns 

143.4 

142.9 

143.5 

142.9 

135.5 

146.1 

N^ 

281.2 

298.4 

324.9 

302.8 

297.3 

298.2 

Ns 

464.8 

468.8 

517.3 

468.5 

460.1 

473.5 

Ns 

694.5 

744.6 

704.9 

755.3 

742.9 

740.6 

Nz 

970.7 

989.6 

1033. 

989.4 

982.9 

994.6 

Nb 

1291. 

1426. 

1298. 

1453. 

1417. 

1417. 

Ns 

1658. 

2036. 

2057. 

2201. 

2171. 

2152. 

(1)  Theoretical  results 
i2)  Exact  analytical  data 

(3)  Displacement  mode  shapes,  rotation  neglected 

S4)  Displacement  and  rotation  introduced,  but  with  20  %  error  on  rotation  data 
si  Displacement  and  rotation  introduced,  but  with  20  %  error  on  displacement  data 
6)  Modal  masses  are  analytically  determined  with  arbitrary  20  %  error 


Table  4  :  Natural  frequencies  of  the  thole  structure 


APPLICATION  TO  AN  INDUSTRIAL  STRUCTURE 

A  complex  industrial  example  has  been  cho¬ 
sen  to  improve  the  constrained  and  unconstrained 
modal  methods. 

The  structure  studied  here  is  a  model  of  a 
gas  diffusion  column.  The  basic  components  are 
an  horizontal  plate  supported  at  four  points  on 
an  elastic  foundation,  on  which  a  vertical  cy¬ 
linder  is  fixed  by  four  connecting  pads. 


Two  different  connecting  pads  were  tested  : 

-  long  pinned  pads  ffigure  7) 

-  short  rigid  pads  (figure  8) 

The  plate,  first  component  of  the  structure, 
was  determined  theoretically.  Experimental  data 
of  the  dynamic  behavior  of  the  foundation  were 
introduced  as  boundary  conditions  in  the  finite 
element  representation  of  the  steel  plate.  The 
agreement  between  finite  element  and  experimental 
results  is  carefully  checked  in  order  to  ensure 
a  good  analytical  representation  of  this  sub¬ 
structure,  (table  5). 


Figure  :  7 


Figure  :  8 


Na 

N4 

Ns 

Ne 

N7 

128.1 

149.5 

163.6 

191.3 

245.2 

118.1 

148.5 

. . . J 

150. 

193.8 

246.5 

Table  5  ;  Natural  frequencies  of  the  plate  +  foundation  (finite  element 
representation) 


The  calculated  dynamic  response  of  this 
component  is  good  enough  to  be  stored  and  utili¬ 
sed  in  the  building  block  method. 

The  second  component,  column  +  connecting 
pads,  because  it  is  a  complex  structure  was 


tested  experimentally. 

All  the  dynamic  characteristics  needed  in 
the  constrained  and  unconstrained  modal  methods 
where  exclusively  determined  from  test  data  : 
figure  ^  for  example. 


ir-l 


Lt 


\  -v-v-‘ 


•  I  ^  •  I r  • 


For  the  constrained  modal  method,  the  were  determined,  (table  6). 

eight  first  constrained  modes  and  modal  data 


'  n 

Pad  1 

Pad  2 

Pad  3 

Pad  4 

Modal  mass 

Ni  =  28.4  Hz 
ui  =  180  rad/s 

-5.5  lO^N/m 

-5.7  lO^N/m 

5.7  lO^N/m 

-t-  5.5  lO^N/m 

M,  =  116  Kg 

N2  =  31.6  Hz 

U2  =  200  rad/s 

-I-  4.5  lO^N/m 

-6.7  lO^N/m 

+6.7  106N/m 

-4.5  105N/m 

M2  =  116  Kg 

N3  =  40.9  Hz 
i»3  =  260  rad/s 

-1.7  lO0N/m 

-7.5  lO0N/m 

■••7.5  106N/m 

-1.7  106N/m 

M3  =  116  Kg 

N4  =  45.8  Hz 

U4  =  290  rad/s 

-1.3  lO’N/m 

-  2.  106 N/m 

•f  2.  106N/m 

■f  1.3  lO^N/m 

M4  =  116  Kg 

Nj  =  159.4  Hz 

4)5  =  10  rad/s 

-  2.  lO^N/m 

-2.5  107N/m 

-  2.5  107N/m 

-  2.  lO^N/m 

Mg  =  116  Kg 

Ng  =  187.  Hz 
ug  ^  1175rad/s 

1.4  10=N/m 

-2.5  lO’N/m 

2.5  lO^N/m 

-  1.4  lO^N/m 

Mg  =  116  Kg 

N7  =  191.  Hz 
<47  =  1200rad/s 

-  1.  lO^N/m 

-4.5  lO^N/m 

4.5  lO^N/m 

1.  lO'^N/m 

M7  =  116  Kg 

Na  =  223.  Hz 
<40  =  1400rad/s 

-1.3  lO’N/m 

-  1.  lO^N/m 

-  1.  lO^N/m 

-1.3  lO’N/m 

Mg  =  116  Kg 

Vertical  Modal  Forces 


Ni,  N2  "Rotation"  of  the  cylinder 

N3,  N4  "Translation"  of  the  cylinder 

N5,  Ng  "Vertical  modes"  (symetrical  and  antisymetrial ) 

N7,  Ng  Main  bending  modes 


b>: 


Table  6  :  Experimental  data  required  for  the  constrained  representation 


For  the  unconstrained  modal  method,  five 
rigid  body  modes  were  calculated  '•nd 
the  first  six  elastic  free-free  modes  of  the 
column  were  measured  The  orthogona¬ 

lity  test  for  these  six  modes  is  : 


108  0  0  0  -2  0 

108  0  0  0  -2 

108  2.5  0  0 

108  0  0 

108  0 

Symmetric  108 


108  kg  =  mass  of  the  cylinder  without  pads. 

Experimental  data  required  for  the  free- 
free  representation  of  the  column.  Degrees  of 
freedom  (X  Y  Z  0„6y)' 

X  Jr 


N2  « 

n 

“z 

M2^  = 

116 

Kg 

N3  = 

0 

Hz 

M3^  = 

116 

kg 

N4  = 

0 

Hz 

■M4^  = 

55 

Kq.m' 

Ns  = 

0 

Hz 

Ms  = 

55 

Kg  .m' 

0  1.  0  0  0 

0  1.  0  0  0 

0  1.  0  0  0 

0  1.  0  0  0 

0  0  1.  0  01 

0  0  1.  0  0 

0  0  1.  0  0 

0  0  1.  0  o' 


0  0.365  -0.17  1.  O' 

0  0.365  0.17  1.  0 
0  0.365  0.17  1.  O' 

0  0.365  -0.17  1.  O' 

-0.365  0  0.17  0  1.’ 
-0.365  0  0.17  0  1.' 
-0.365  0  -0.17  0  1.' 
•0.365  0  -0.17  0  1.' 


V" 

•V- 


’1  = 


0  Hz 


116  Kg 


Cl  ,2' 


1.  0  0  0  0 

1.  0  0  0  0 

1.  0  0  0  0 

1.  0  0  0  0 


Modal  masses  and  inertia  are  determined 
from  very  low  frequency  excitation  tests  for  the 
five  rigid  body  modes.  The  mode  shapes  on  the 
connection  nodes  are  calculated  analytically. 


tv" 


Six  first  elastic  natural  modes  of  the 
cylinder  (4  flexural  and  2  vertical  modes). 


Np  =  200  Hz 
'Mp  =  116  Kg 

N-  =  200  Hz 
'm.  =  116  Kg 

N=  =  224  Hz 
'm.  =  116  Kg 

N,  =  285  Hz 
'Ma  =  116  Kg 

N;,  =  302  Hz 
'm.,  =  116  Kn 


Nil  =  302  Hz 
'Mji  =  116  Kg 


0. 

558 

0 

0 

0 

0 

0. 

558 

0 

0 

0 

0 

0 

558 

0 

0 

0 

0 

n. 

558 

n 

0 

0 

0 

0 

0. 

558 

0 

0 

o' 

0 

0. 

558 

0 

0 

0 

0 

0. 

558 

0 

0 

0 

0 

n. 

558 

0 

0 

0 

0 

0 

-n 

305 

0 

0 

0 

0 

-0 

305 

0 

0 

0 

0 

-n 

305 

0 

0 

0 

0 

-0 

305 

0 

0 

0 

0 

-0 

407 

0 

0 

0 

n 

-0 

407 

0 

0 

0 

0 

-0 

407 

0 

0 

0 

n 

-0 

407 

0 

0 

0. 

066 

0 

0 

0 

0 

0 

866 

0 

0 

0 

0 

0. 

066 

0 

0 

0 

0 

0 

066 

0 

0 

0 

0 

0 

0. 

066 

0 

0 

0 

0 

0. 

066 

0 

0 

0 

0 

0. 

066 

0 

0 

0 

0 

0. 

066 

0 

0 

0 

Oata  are  performed  using  the  new  analyser  system. 


Complete  system  simulation  results 

The  column  with  a  constrained  or  uncons¬ 
trained  modal  representation  is  connected  to 
the  plate  throughout  the  long  pinned  or  short 
rigid  pads.  Natural  frequencies  and  mode  shapes 
of  the  whole  structure  are  computed  and  presen¬ 
ted  on  table  7. 


- 

(1) 

(2) 

(3) 

(4) 

15.3 

14.2 

18.7 

18.7 

19.3 

18.8 

20.8 

20.8 

26. 

27.9 

25.2 

25.3 

34.3 

35.9 

21.9 

21.9 

37.3 

38. 

105. 

101. 

97.1 

97.5 

163. 

155. 

198. 

187. 

181. 

189. 

135. 

138. 

Long  connecting  pads 


(5) 

(6) 

(7) 

19. 

22.1 

22.1 

25. 

32.7 

32.7 

33. 

34.4 

34.5 

109. 

129. 

130. 

165. 

179. 

187. 

197. 

201. 

233. 

205. 

180. 

_ 1 

228. 

Short  connecting  pads 

(1),(5)  experimental  data 

(2)  constrained  cylinder  with  pads  + 
plate  +  foundation 

(3), (6)  unconstrained  cylinder  +  plate  with 
pads  +  foundation 

(^).(7)  only  rigid  body  modes  are  taken  for 
the  unconstrained  modal  basis  of  the 
cyl inder . 

Table  7  ;  Frequencies  of  the  whole 
structure 

Mode  shapes  of  the  global  structure  are 
shown  on  the  following  figures. 

First  case 

Column  with  long  pinned  connection  pads, 
fixed  on  the  plate  +  foundation 

-  experimental  results  of  the  complete 
structure  :  figure  10, 

-  constrained  column  with  long  pinned  pads 
(experiments)  associated  to  the  finite  element 
representation  of  the  plate  :  global  mode  shapes 
figure  11, 

-  unconstrained  column  without  connecting 
pads  (experiments)  associated  to  the  finite  ele¬ 
ment  representation  of  the  plate  +  pads  : 
figure  12. 

Second  case 

Column  with  short  rigid  connecting  pads, 
fixed  on  the  plate  +  foundation 

-  experimental  results  of  the  complete 
structure  (figure  13), 

-  unconstrained  column  without  connecting 
pads  (experiments)  associated  to  the  finite  ele¬ 
ment  representation  of  the  plate  +  short  rigid 
pads  (figure  14). 
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Fig.  11  :  Computed  results  •  Constrained  column*  long  pinned  pads  *  plate* foundation 


Fig.  ^2  :  Computed  results  ■  Unconstrained  column* plate  with  long  pinned  pads* 
foundation 


V.' 


-> 

l-'.-w 


V  s 

t^: 


DISCUSSION 

Both  methods  have  been  applied  successful¬ 
ly  to  the  industrial  test  example.  Two  diffe¬ 
rent  connecting  systems  of  the  main  components 
were  tested.  The  constrained  modal  method  seems 
better  adapted  to  this  particular  structure. 

The  constrained  modal  basis  of  the  column  is 
closer  to  the  global  behavior  of  the  structure 
(figure  11)  than  the  free-free  mode  shapes  of 
the  cylinder  (figure  12). 

Furthermore,  the  dynamical  characteristics 
of  the  long  pinned  pads  are  difficult  to  cal¬ 
culate  (column  3,  table  7),  the  pads  are  Inclu¬ 
ded  in  the  finite  element  modelisation.  They 
are  well  represented  by  experimental  data, 
(column  2,  table  7). 

Nevertheless,  for  the  short  rigid  connec¬ 
ting  pads,  which  are  easily  modelised  by  finite 
elements,  the  unconstrained  modal  method  provi¬ 
des  good  results  (column  6,  table  7). 

The  influence  of  the  rigid  body  modes  are 
noticed  at  low  frequencies  and  the  free-free 
elastic  modes  shapes  on  the  upper  global  modes 
considered  (column  7,  table  7). 

As  to  experimental  results,  every  calcula¬ 
ted  mode  could  be  observed  with  the  1191  vibra¬ 
tion  measurement  and  analysis  system.  Some  dif¬ 
ficulties  due  to  the  particular  interaction 
between  the  foundation  and  the  mode  shape  of 
the  plate  at  163  Hz  were  encountered. 

In  general  the  results  appear  to  be  very 
satisfactory. 

CONCLUSION 

Analysis  of  a  complex  structural  dynamic 
system  such  as  the  one  discussed  in  this  paper 
is  believed  to  be  a  significant  test  of 
Klosterman's  building  block  methods.  The  cons¬ 
trained  and  unconstrained  modal  methods  are 
being  verified  with  scale  model  experimental 
data.  Results  indicate  that  the  methods  provide 
a  realistic  dynamic  analysis  of  large  and  com¬ 
plex  engineering  structures. 
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SYMBOLS 

SSk  substructure  k 

2U,2T  potential  and  kinetic  energy  of  the 

complete  structure 

2U|^,2T.  potential  and  kinetic  energy  of  sub¬ 
structure  k 

1  connection  degrees  of  freedom  from 

’  component  k  to  component  1 

inner  degrees  of  freedom  of  component  k 

'''(kl’*'(kl  element  mass  and  stiffness  ma- 

'  ’  '  'trices  of  component  k  with  respect  to 
connection  node  and  inner  nodes 


ci  ,k 

"•ci  .k 

*^cc,k 

''d.k 

•  "(k)  ’ 

ic,k 

■"H.k 

•'ic.k 

'‘H.k 

kl 


|Y(k)l  modal  coordinates  of  component  k 

K...  modal  masses  and  stiffnesses  of 
'  ''  '^^'component  k 

1^^  natural  pulsation 

set  of  modal  external  forces  acting 
'  '  at  the  constrained  area  of  component  k 

I  1°  derivative  with  respect  to  time 

I  1^  matrix  transposition  symbol 


set  of  eigenvectors 
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Fast  Fourier  transform  computed  transfer  functions  are  used  for 
several  spacecraft  applications.  An  Intelsat  IVA  spacecraft  was  tested 
using  several  excitations  and  the  resulting  transfer  functions  are  com¬ 
pared  using  modal  frequencies  and  damping.  An  example  of  mass  and 
stiffness  computations  from  transfer  functions  is  presented.  Use 
of  alternative  reference  points  for  the  transfer  functions  is  presented. 
An  example  of  the  use  of  slight  changes  in  transfer  functions  to  detect 
failures  is  shown. 
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PURPOSE 

The  term  "transfer  function"  as 
traditionally  used  in  the  structural  dynamics 
field  refers  to  the  amplitude  ratio  and  phase 
relation  between  two  measurements  on  2 
slowly  swept  sinusoidally  vibrated  structure. 
One  of  the  measurements  would  normally  be 
the  force  input  and  the  other  a  response  loca¬ 
tion  of  interest.  Modal  studies  have  tradition¬ 
ally  been  run  using  a  force  signal  as  the  input 
and  an  accelerometer  signal  as  the  response. 
The  resulting  transfer  functions  are  typically 
displayed  in  a  co-quad  plot  form  and  then  used 
to  identify  the  modal  frequencies  and  ampli¬ 
tudes.  With  the  development  of  the  fast 
Fourier  transform  processors,  the  basic 
definition  of  a  transfer  function  is  unchanged, 
but  the  excitation  signals  that  may  be  used  are 
greatly  expanded. 

The  purpose  of  this  paper  is  to  illustrate 
the  power  of  this  capability  in  addressing 
structured  dynamics  problems.  Four  exam¬ 
ples  are  discussed.  The  first  is  a  comparison 
of  the  transfer  functions  taken  from  COMSAT' s 
Intelsat  IVA  spacecraft  test  data.  That  test 
used  several  excitation  techniques  and  the  fre¬ 
quencies  and  damping  values  for  the  modal 
response  are  compared.  The  second  example 
discusses  the  effort  to  derive  mass  and  stiff¬ 
ness  matrices  from  transfer  functions  com¬ 
puted  from  a  high  level  random  test  on  NASA's 
Pioneer  Venus  multiprobe  spacecraft.  The 


third  illustrates  the  effects  of  using  different 
reference  points  in  computing  transfer  func¬ 
tions  and  the  meaning  of  the  results.  The 
fourth  uses  Intelsat  IVA  data  to  illustrate  the 
use  of  transfer  functions  as  a  quality  control 
tool  in  the  detection  of  spacecraft  failures. 


DISCUSSION 

By  taking  the  ratio  of  the  spectral  power 
of  the  input  and  reference  measurements,  it  is 
possible  to  compute  transfer  functions  for 
many  diverse  sources  of  excitation  such  as 
random,  transient,  and  sine  sweeps.  The 
excitation  shapes  must  conform  to  the  follow¬ 
ing  limitations: 

1)  It  must  be  possible  to  generate  an  electri¬ 
cal  or  mechanical  signal  of  the  desired 
shape. 

2)  It  must  have  an  energy  spectrum  cover¬ 
ing  the  frequency  range  of  interest. 

3)  For  amplitude  dependent  (nonlinear) 
systems,  the  excitation  power  available 
must  drive  the  system  to  the  desired 
amplitude  range. 

4)  The  input  and  response  signatls  must  be 
amenable  to  the  ansilysis  equipment 
available. 


•'This  article  is  based  on  work  performed  at  Hughes  Aircraft  Company  under  Intelsat  Con¬ 
tract  IS-774.  The  views  expressed  in  the  article  are  not  necessarily  those  of  INTELSAT. 
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The  first  constraint  does  not  present  a 
practical  limitation  since  most  available  sys¬ 
tems  have  several  excitation  strategies  built 
in  and  many  other  strategies  could  be  impro¬ 
vised.  Pure  random  excitation  is  always 
available  using  a  noise  generator  and  band 
limiting  analog  filters.  The  second  limitation 
of  energy  spectrum  is  important,  particularly 
with  hanuner  testing  and  other  similar  excita¬ 
tions  where  the  frequency  spectra  are  not 
easily  controllable.  With  the  hammer  impact 
excitation  method,  variations  in  the  hammer 
weight  and  head  compliance  can  vary  the  input 
spectra.  The  third  limitation  may  occasion¬ 
ally  require  limited  frequency  range  excitation 
when  there  is  a  severe  power  limit.  For 
example,  random  excitation  may  require 
dividing  the  frequency  range  of  interest  into 
narrow  bands  to  achieve  the  desired  response 
levels.  The  fourth  limitation  is  best  illus¬ 
trated  where  a  combination  of  high  frequency 
and  a  long  signal  time  places  a  severe  demand 
on  the  analysis  equipment. 

Some  of  the  excitation  methods  for  comput¬ 
ing  transfer  functions  currently  being  used  are: 

1)  Slow  swept  sine 

2)  Fast  swept  sine  (frequently  termed  "chirp" 
varying  from  10  octaves  per  minute  and 
faster) 

3)  Random  (Several  strategies  have  been 
employed  with  random,  the  simplest  being 


FIG.  1  -  INTELSAT  IVA  Y-1  SPACECRAFT 


a  noise  generator  and  others  being  com¬ 
puter  controlled  signals  such  as  periodic 
random  and  pseudorandom. ) 

4)  Transient  (This  could  be  computer  con¬ 
trolled  shock  spectra  type  transients  or 
hammer  impact  type  testing. ) 

This  paper  presents  transfer  functions 
taken  from  a  full-scale  communication  satellite 
vibration  test  using  several  of  the  above  exci¬ 
tation  methods.  The  desire  is  to  measure  and 
compare  the  resonant  frequencies  and  damping 
as  a  function  of  excitation  method  and  excita¬ 
tion  amplitude  in  order  to  assess  the  usefulness 
of  similar  data  taken  from  other  programs. 


INTELSAT  IVA  SPACECRAFT  TEST 

As  part  of  an  INTELSAT/COMSAT  Labo¬ 
ratories  spacecraft  test  improvement  program, 
an  Intelsat  IVA  communication  satellite 
(Fig.  1)  was  subjected  to  several  base  excita¬ 
tion  sources  in  the  lateral  direction  (Ref.  1). 
That  spacecraft  was  extensively  instrumented 
and  the  transfer  functions  from  the  base  accel¬ 
eration  to  selected  response  locations  were 
computed. 

Five  response  points  on  the  spacecraft 
were  selected  for  the  comparison  (Fig.  2);  the 
top  of  the  spacecraft,  accelerometer  IX,  the 
upper  and  lower  feeds,  accelerometers  2X  and 
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FIG.  2  -  INTELSAT  IVA  Y-1  INSTRUMENTATION 
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3X,  the  moment  at  the  despin  bearing  assem* 
bly,  strain  107,  and  the  base  moment,  strain 
102.  In  all  cases,  the  reference  measurement 
was  the  base  input  acceleration.  The  use  of 
the  base  accelerometer  produces  transfer 
functions  and  related  modal  data  for  the  base 
fixed  cantilever  case. 

Excitation  Methods 

1)  Low  level  random.  This  test  used  a 
General  Radio  noise  generator  and  Rockland 
tunable  bandpass  filters.  The  resulting  ran¬ 
dom  signal  was  fed  to  the  shaker  power  ampli¬ 
fier  and  the  input  and  response  signals  recorded 
for  later  analysis.  The  base  acceleration  had 
an  energy  bandwidth  from  5  Hz  to  30  Hz  and  an 
amplitude  of  approximately  0.06-g  rms.  While 
the  input  energy  of  the  drive  signal  to  the 
shaker  power  amplifier  is  flat,  the  response  is 
not  due  to  shaker  and  spacecraft  dynamics. 

That  variation  is  seen  in  the  base  accelero¬ 
meter  power  spectrum  plot  in  Fig.  3.  This  is 
the  quality  control  teat  used  at  Hughes  Aircraft 
Company  prior  to  and  following  all  spacecraft 
tests  to  detect  any  small  change  in  the  transfer 
function  and  thus  an  indication  of  possible 
structural  failure. 

Z)  Notched  swept  sine  test.  This  is  the 
currently  used  method  at  Hughes  Aircraft  Com¬ 
pany  to  qualification  test  flight  spacecraft. 

The  base  input  acceleration  level  is  specified 
but  with  the  stipulation  that  selected  space¬ 
craft  response  levels  are  not  to  be  exceeded. 
These  limit  response  values  are  obtained  from 
coupled  booster- spacecraft  analyses.  Two 
notched  sine  tests  were  run,  a  low  level  and 
high  level  at  4  octaves  per  minute. 

3)  High  level,  narrow  band  random  dwell. 
One  of  the  spacecraft  test  methods  considered 
during  the  study  was  the  application  of  a  high 
level  random  input  applied  simultaneously  at 
each  of  the  critical  structural  frequencies. 

The  base  input  spectrum  was  selected  such 
that  the  resulting  structural  response  was 
representative  of  flight  data  experience.  The 


FIG.  3-BASE  ACCELERATION  FOR  RANDOM  BURST 
TEST  01 1 


strategy  was  to  adjust  the  random  input  at 
each  frequency  such  that  the  desired  response 
spectra  would  be  generated.  The  base  input 
amplitude  was  0.  18-g  rms  and  the  spectrum  is 
shown  in  Fig.  4.  The  transfer  function  com¬ 
putation  was  done  in  a  manner  similar  to  the 
random  test. 

4)  Transient  input.  Another  excitation 
used  was  a  transient  which  was  representative 
of  coupled  booster- spacecraft  analysis  results. 
This  transient  was  computed  for  and  controlled 
at  an  intermediate  point  on  the  spacecraft 
(2IX,  Fig.  2).  This  test,  like  the  narrow  band 
random  test,  is  also  frequency  limited  and  only 
the  lower  frequencies  are  comparable.  These 
transfer  functions  are  of  interest  since  they 
are  used  by  the  transient  test  software  to 
update  the  control  pulses. 

Data  Reduction  Methods 

The  transfer  functions  were  computed 
using  the  band  selectable  Fourier  analysis 
package  developed  by  Hewlett-Packard.  This 
package  is  termed  "zoom"  in  their  literature 
and  allows  selection  of  narrow  frequency 
ranges  of  interest  for  detailed  analysis.  The 
appendix  describes  the  approach  in  detail. 

One  particular  difficulty  in  obtaining  good 
transfer  functions  was  the  short  time  records 
available.  The  tests  were  run  to  obtain  com¬ 
parative  test  data  for  the  various  approaches 
or,  in  some  cases,  the  required  data  for 
spectral  analyses.  In  retrospect,  where  pos¬ 
sible,  much  longer  time  records  would  have 
been  taken  if  transfer  function  analysis  had 
been  anticipated.  This  would  have  allowed  a 
narrower  zoom  or  increasing  the  number  of 
averages  for  computing  each  transfer  function. 
While  realizing  practical  limitations,  it  is 
advantageous  to  compile  a  large  quantity  of 
data  for  transfer  function  computations. 


FIG  4-BASE  ACCELERATION  FOR  RANDOM  DWELL 
TEST  3069 
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Data  Presentation 

The  transfer  functions  computed  using 
traditional  methods  and  the  zoom  method  are 
compared  as  follows.  The  real  and  imaginary 
transfer  functions  for  the  spacecraft  tip  loca¬ 
tion  for  three  of  the  methods  are  plotted  in 
Figures  5,  6,  and  7  using  the  traditional 
approach  (nonzoom).  Fig.  8  shows  the  transfer 
functions  using  the  zoom  approach.  The 
Hewlett-Packard  modal  fit  program  was  used 
on  the  zoom  transfer  functions  which  covered 
the  first  four  frequencies:  a  quantitative  com¬ 
parison  is  given  in  Table  1.  Modal  data  are 
not  shown  for  all  four  frequencies  for  test  3071 
since  the  data  for  all  of  the  five  locations  did 
not  result  in  usable  transfer  functions. 

Table  1  illustrates  the  variation  in  fre¬ 
quency  and  damping  values  between  the  various 
methods.  The  table  shows  that  the  frequencies 
are  repeatable  for  comparable  amplitude  exci¬ 
tations.  As  the  amplitude  goes  up,  and  test 


3031  was  the  highest  amplitude  test,  the  fre¬ 
quencies  tend  to  go  down  and  the  damping 
increases.  Inspection  of  the  individual  modal 
fit  data  indicates  repeatable  and  similar  fits 
for  the  random  dwell  data,  and  as  the  excita¬ 
tion  energy  diminished  for  the  higher  modes 
as  on  test  3071,  the  modal  fits  were  poor  and 
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FIG.  6-SWEPT  SINE  (4  OCTAVE/MINUTE)  TEST 
TRANSFER  FUNCTION  (BASEBAND  METHOD) 
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FIG  5-RANOOM  EXCITATION  TRANSFER  FUNCTION 
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FIG.  7-RANDOM  DWELL  TRANSFER  FUNCTION 
(BASEBAND  METHOD) 


TABLE  1 

CoBipanson  of  Intelsat  IVA  Y-l  Spacecraft  Frequencies  and  Dainping 
Based  on  Transfer  Function  Computations 


Test 

Oil 

3010 

M31 

3069 

3071 


Type 

Random 

1  '3  level  swept  sine,  4  oct/min 
Full  level  swept  sine,  4  oct/mln 
High  level  random 
Direct  transient 


Test 

01  I 

3010 

3031 

X69 

3071 

f 

7  28 

7,04 

6.81 

7.05 

6.93 

fi‘i 

0  64 

1  84 

1  32 

1.35 

1.34 

f2 

14  38 

14.26 

13.97 

14  46 

• 

CM 

Am 

0  90 

1.73 

265 

1.06 

f3  Hz 

14  95 

14.79 

14  68 

14  73 

• 

0  51 

1  34 

4,07 

1.48 

f4H3 

20  29 

20.10 

19  75 

1993 

19.95 

3  67 

0.82 

1.88 

_ 1 

1.54 

1.12 

"Insufficient  enentv 


leqiiencv  region  for  all  measurement  lixations 
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the  input  to  response  coherence  was  also  poor. 
For  future  use  of  this  type  analysis,  the  low 
level  random  test  will  yield  frequencies  and 


mode  shapes  that  are  representative  of  that 
amplitude,  but  the  damping  value  cannot  be 
used  in  a  projection  to  high  amplitude  loadings. 
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al  TIP  ACCELEROMETER.  IX 


TEST  3071- 
TRANStENT 


TEST  3069- 

HIGH  LEVEL  RANDOM 


TEST  3031- 

SWEPT  SINE.  FULL  LEVEL 


TEST  3010- 

SWEPT  SINE.  1/3  LEVEL 


TEST  011- 

LOW  LEVEL  RANDOM 


TEST  3071- 
TRANSIENT 


TEST  3069- 

HIGH  LEVEL  RANDOM 


TEST  3010- 

SWEPT  SINE,  FULL  LEVEL 


TEST  3010- 

SWEPT  SINE.  1/3  LEVEL 


TEST  011- 

LOW  LEVEL  RANDOM 


TEST  3071- 
TRANSIENT 


TEST  3069- 

HIGH  LEVEL  RANDOM 


TEST  3031- 

SWEPT  SINE.  Full  level 


TEST  3010- 

SWEPT  SINE,  1/3  LEVEL 


TEST  011- 

LOW  LEVEL  RANDOM 


TEST  3071- 
TRANSIENT 

TEST  3069- 

HIOH  LEVEL  RANDOM 
TEST  3031- 

SWEPT  SINE.  FULL  LEVEL 
TEST  3010- 

SWEPT  SINE.  1/3  LEVEL 
TEST  011- 

LOW  LEVEL  RANDOM 


*  L  »  .«  ■  i 

.V/yvi 


11 


‘ '  *  '“v'  I 


Ar.- 

'/-'Si;'' 

-VA'V 


V  •. 

■m: 


FREQUENCY.  HZ 

bl  •MCSENOINGMOMENT.SKn 

FIG.  8-INTELSAT  IVA  Y-1  SPACECRAFT  TRANSFER  FUNCTIONS 


y.-y* 

.y.' 


'‘‘.N 

V* 


97 


Mass,  Stiffness,  and  Damping  Matrix 
Computation 


During  a  recent  spacecr2Lft  program,  the 
vibration  test  frequencies  and  analytically- 
predicted  frequencies  were  considerably 
different.  To  save  time  and  money,  it  was 
decided  to  use  high  level  random  vibration 
test  data  to  develop  transfer  functions  and, 
from  those,  the  associated  mass  and  stiffness 
matrices.  The  tratnsfer  functions  were  com¬ 
puted  using  the  qualification  level  random  test 
data  supplied  to  Dr.  Mark  Richardson  of 
Hewlett-Packard  for  computation  of  the 
matrices  as  described  in  Ref.  2.  Table  2 
lists  the  modal  data  using  this  procedure. 
Currently,  the  matrix  computation  program  is 
not  commercially  available.  Fig.  9  shows  a 
view  of  the  spacecraft  and  the  accelerometers 
used.  The  available  accelerometer  data  were 
reviewed  and  several  were  selected  to  be 
representative  of  motion  of  major  masses  of 
the  spacecraft.  The  transfer  functions  relative 
to  the  shaker  armature  current  were  computed 
using  band  selectable  Fourier  analysis.  The 
modal  data  and  the  mass  and  stiffness  matrix 
were  computed.  It  was  necessary  to  adjust 


TABLE  3 

Mats  and  Stiffness  Matrices 


674.8 

•21.8 

20.79' 

21.8 

1134 

-352.2 

20.79 

-352.2 

901.7 

9.1923 

0.02949 

-9.22179 

0.02949 

5.8077 

•5.83719 

•9.22179 

-5.83719 

15.05898 

the  mass  matrix  to  remove  the  shaker  arma¬ 
ture  and  fixture  weights  and  also  to  develop  a 
free  stiffness  matrix.  The  resulting  stiffness 
matrix.  Table  3,  was  checked  by  applying 
loads  that  had  been  applied  to  the  structure 
during  static  tests.  There  was  a  13  percent 
difference  in  the  computed  deflection  and  the 
measured  deflection  from  the  static  test  which 
was  a  considerable  improvement  over  the 
original  analytic  model. 
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FIG.  8-PtONEER  VENUS  ACCELEROMETER  LOCATIONS  DATA 
USED  FOR  MASS  AND  STIFFNESS  COMPUTATIONS 


TABLE  2 

Modal  Fit  Data  Uitd  in  Computing  Man  and  Stiffnan  Matricaa  (Hawlstt-Packard  Data) 


Avaraga  Modal  Fraqusnciaa  and  Damping 

Modt 

Matrix  Fraquancy 
(Hz) 

Damping  Factor 
(%) 

Damping  Coafficiant 
(rad/tac) 

AmpHtudt 


0.1060E01 

0.n42E-01 

0.1142EOI 

0.11S0E4)1 

0.S702E4)3 

0.8714E-02 

0.1077EG1 


7.0342 

24.1202 

40.7786 


Amplituds  Uniti,  g/ll>.wc 


Phaaa 

Amplituda 

PhaH 

Amplitude 

PhaM 

17.1 

0.8810E-02 

354.3 

0.7951  E-OI 

176.4 

16.1 

0.2703E-01 

17a8 

aOOOOEfOO 

.0 

16.1 

0.2401  E-01 

172.3 

0.6139E-02 

158.6 

0.2313E01 

1712 

0.241 7E-02 

217.4 

0.S287E-03 

175.8 

0.1052E-02 

168.7 

■bh 

0.37SeE4)3 

18ai 

0.4800E-02 

201.7 
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Alternate  References  for  Ti 


When  transfer  functions  are  computed  for 
complex  structural  systems,  care  must  be 
exercised  in  the  selection  of  measurements 
which  will  reveal  the  desired  information  from 
the  test.  For  the  simple  system  shown 


excited  by  F(t)  it  is  possible  to  construct  the 
transfer  functions  in  the  following  ways  to 
produce  the  modal  sets  shown. 


^2 

H(-jr)  and  H(  jT’)  will  yield  the  frequencies 
and  modes  for  the  com¬ 


plete  system. 


will  yield  the  frequency 
and  mode  for  K2,  M2. 


there  will  be  only  one 
frequency  in  this  H(w). 


In  each  of  these  cases,  the  result  has  the  effect 
on  the  system  of  setting  the  reference  mea¬ 
surement  used  for  the  transfer  function  to  zero. 
A  common  example  of  the  above  is  the  use  of 
a  sting  shaker  for  modal  testing.  When  the 
accelerometer  response  to  force  input  transfer 
functions  is  used,  the  mass  of  the  shaker 
armature  and  the  armature  flexures  are  not 


part  of  the  system.  Note  that  if  armature 
voice  coil  current  is  used,  it  is  part  of  the 
system  and  will  affect  the  results.  With  this 
introductory  discussion,  it  is  possible  to  con¬ 
sider  the  various  possibilities  used  for  refer¬ 
ence  points  during  spacecraft  testing. 


When  a  complete  spacecraft  is  mounted  on 
a  slip  table  and  shaker  excited  in  the  lateral 
axis,  there  are  several  choices  for  the  trans¬ 
fer  function  reference.  The  following  methods 
list  the  reference  and  the  resulting  set  of 
modes. 


1)  Shaker  voice  coil  current  (proportional 
to  force  input).  As  stated,  this  has  the  effect 
of  a  zero  force  input;  the  modal  set  includes 
the  first  mode  of  the  armature  and  spacecraft 
on  the  armature  flexures.  It  is  not  particu¬ 
larly  useful  since  the  armature  and  flexure 
dynamics  are  not  well  known  and  therefore 
difficult  to  separate  from  spacecraft  dynamics. 


2)  Base  acceleration.  This  fixes  the  base 
lateral  motion  (sets  it  to  zero)  and  since  the 
slip  table  restrains  rotation,  the  resulting 
modes  are  base  fixed  (cantilever).  Base 
acceleration  is  the  method  used  for  base  fixed 
modal  studies  done  in  conjunction  with  a  quali¬ 
fication  vibration  test.  Where  several  base 
(control)  accelerometers  are  available,  trans¬ 
fer  functions  between  them  can  show  the  fre¬ 
quency  where  they  are  in  phase  and  therefore 
the  upper  useful  frequency  of  this  method. 

Fig.  10  compares  transfer  functions  for 
Intelsat  IVA  data  using  the  base  acceleration 
reference  and  the  armature  current  reference. 
Note  that  there  appears  to  be  an  additional 
mode  at  6  Hz  atnd  that  the  higher  frequency 
modes  are  shifted  slightly  due  to  the  difference 
in  the  structural  system  that  each  represents. 


For  an  axial  vibration  te  st  on  NASD 
Japan's  Geostationary  Meteorological  Satellite 
program,  the  transfer  functions  referenced  to 


ACCEUEROMETEM  IX  REFERENCED 
~TO  ACCELEROMETER  CA1 


ACCELEROMETER  IX  REFERENCED 
"TO  ARMATURE  CURRENT 


FREQUENCY.  HZ 


FIG.  10  COMPARISON  OF  TRANSFER  FUNCTION  USING  TWO  DIFFERENT  REFERENCES 
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an  intermediate  spacecraft  location  were  use¬ 
ful  in  determining  a  local  resonant  frequency. 
The  shelf  resonance  was  obtained  by  using 
shelf  attach  point  accelerometer  14Z  to  edge 
accelerometer  ZOZ  transfer  functions.  The 
resulting  shelf  frequency  {56  Hz)  is  not  appar¬ 
ent  in  either  of  the  base  referenced  transfer 
functions  (see  Figures  11  and  12)  as  expected 
since  they  represent  a  different  (base  fixed) 
structural  system. 

Care  has  to  be  taken  in  order  that  the 
motion  of  the  reference  point  is  well  known  to 
avoid  misleading  conclusions.  Many  times  the 
base  of  a  structure  will  both  translate  and 
rotate  making  this  base  fixed  approach  incor¬ 
rect  since  the  input  due  to  the  rotation  cannot 
be  accounted  for  in  the  transfer  function. 

Failure  Detection 


During  spacecraft  qualification  tests  at 
Hughes,  in  each  test  axis,  a  low  level  random 
test  was  run  prior  to  the  first  qualification 
test  and  another  at  the  end  of  all  testing  in  that 
axis.  These  two  tests  are  analyzed  for  trans¬ 
fer  functions  and  overplotted  to  detect  any 
structural  changes.  During  the  Intelsat  IVA 
test  discussed  above,  a  debonding  of  a  portion 
of  the  lower  feed  structure  occurred  and  the 
resulting  shift  in  frequencies  is  shown  in 
Fig.  13.  That  structure  was  repaired  and  the 
two  fits  of  transfer  functions  prior  to  the  test 
and  following  repair  are  shown  in  Fig.  14, 
indicating  a  successful  complete  repair.  In 
several  cases  this  valuable  technique  indicated 
a  structural  problem  that  was  detected  only 
after  extensive  examination  by  the  inspectors. 


PIG.  n-GMS  SPACECRAFT  A.'CEI  FBOMITER 
LOCATIONS 


FIG  12-GMS  TRANSFER  FUNCTION 


FIG.  13  -RANDOM  EXCITATION  TRANSFER  FUNCTION 
ILLUSTRATING  FREQUENCY  SHIFT  CAUSED  BY 
structural  failure  test  Oil  VERSUS  TEST  012 
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FIG.  14-RANDOM  EXCITATION  TRANSFER  FUNCTION 
ILLUSTRATING  FREQUENCY  AGREEMENT 
FOLLOWING  SPACECRAFT  REPAIR  TEST  0) )  VERSUS 
TEST  013 


Summary 

•  Band  selectable  Fourier  analysis  is  an 
important  extension  in  measuring  transfer 
functions  of  dynamic  systems.  It  is  par¬ 
ticularly  useful  when  computing  transfer 
functions  for  systems  that  have  been 
excited  using  swept  sine  or  transient 
signals. 

•  For  the  Intelsat  IVA  spacecraft,  the  higher 
level  excitations  produced  lower  modal 
frequencies  and  higher  damping. 

•  The  use  of  transfer  functions  computed 
from  a  low  level  random  test  before  and 
after  high  level  testing  is  a  very  effective 
quality  control  tool. 

•  The  use  of  available  vibration  test  data  to 
develop  a  simple  dynamic  model  for  use 
in  analytical  analyses  has  been  demon¬ 
strated.  That  technique  could  prove 
powerful  in  understanding  the  behavior  of 
dynamic  systems  by  providing  tost  based 
mass  and  stiffness  matrices. 

•  Use  of  alternate  reference  points  for  com¬ 
puting  transfer  functions  has  proved  very 
useful  in  revealing  structural  dynamic 
information.  Often  the  information,  such 
as  a  local  component  or  structural  reso¬ 
nance,  is  not  apparent  until  that  approach 
is  used. 
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APPENDIX 

Calculations  of  transfer  functions  from 
long  time  records,  such  as  sine  sweeps,  can 
be  accomplished  in  several  ways. 

The  method  employed  to  calculate  the 
transfer  functions  shown  in  this  paper  involves 
band  selectable  or  "zoom"  trauisforms.  Nor¬ 
mally  resolution  is  increased  when  the  zoom 
transform  is  used;  in  this  situation  information 
spreading  caused  by  the  filtering  of  the  zoom 
algorithms  is  taken  advantage  of. 

A  baseband  measurement  on  a  sine  sweep 
will  yield  only  a  portion  of  the  transfer  function. 
This  occurs  because  of  the  limit  imposed  by 
block  sizes  available,  in  combination  with  the 
sweeping  input.  That  is,  the  total  transfer 
function  is  made  up  from  a  number  of  averages 
from  blocks  taken  as  the  sweep  takes  place. 
Windowing  must  be  applied  to  each  of  the 
blocks.  This  windowing  can  cause  voids  in  the 
spectral  estimates  in  the  composite  (averaged) 
power  spectra,  and  leads  to  unsatisfactory 
transfer  functions. 

Using  zoom  techniques,  these  voids  become 
dips  whose  effects  are  divided  out  in  the  trans¬ 
fer  function  calculations.  The  reason  this 
happens  is  the  filtering  that  occurs  in  the  zoom 
process.  Information  is  spread  over  more 
sample  points  by  the  filtering,  so  that  when  the 
window  is  applied  the  information  is  not  lost, 
only  diminished.  Parameters  that  can  be  con¬ 
trolled  are  the  frequencies  displayed,  the 
sampling  frequency,  and  the  number  of 
averages.  The  seunpling  frequency  can  be 
adjusted  to  give  any  desired  information 
spreading  (within  the  bounds  of  the  ability  to 
store  data  points).  The  idea  here  is  to  over- 
sample  the  data  stream,  to  provide  more  data 
points.  Ultimately  the  investigator  should 
overlap  proct.ss  the  sweeps,  in  which  case 
even  better  results  are  obtained. 


LOAD  TRANSFORMATION  DEVELOPMENT  CONSISTENT 
WITH  MODAL  SYNTHESIS  TECHNIQUES 


R.  F.  Hruda  and  P.  J.  Jones 
Martin  Marietta  Corporation 
Denver,  Colorado 


A  method  Is  presented  for  the  development  of  component  Internal  load 
transformations  consistent  with  modal  synthesis  procedures.  The  re¬ 
sulting  load  transformations  account  for  component  interactions  across 
statically  indeterminate  Interfaces.  A  unique  approach  of  obtaining 
these  transformations  Is  presented  which,  for  large  systems,  would  be 
more  economical  than  the  more  laborious  obvious  techniques  usually  em¬ 
ployed.  Further,  a  modified  modal  coupling  procedure  Is  employed 
which  offers  advantages  over  previous  techniques. 


INTRODUCTION 

An  accepted  practice  used  In  developing 
structural  dynamic  models  is  to  form  modal 
data  for  components  and  subsequently  use  modal 
synthesis  techniques  to  develop  modal  data  of 
the  total  system.  This  practice  Is  applied  to 
complicated  structures  subjected  to  transient 
loading  conditions  where  the  final  desired 
product  often  Is  Internal  structural  loads. 
Detailed  treatment  of  various  techniques  of 
modal  coupling  have  been  published,  but  devel¬ 
opment  of  consistent  load  transformations  has 
generally  been  lacking. 

This  paper  presents  methodology  for  de¬ 
velopment  of  Internal  load  transformations  for 
a  component  that  can  be  used  with  any  Inertial 
modal  coupling  technique.  A  variation  of 
generally  accepted  modal  coupling  techniques 
of  components  with  redundant  Interfaces  Is 
also  discussed.  Utilization  of  the  subject 
load  transformations  In  structural  response 
analyses  employing  the  coupled  modal  proper¬ 
ties  produce  loads  results  exactly  the  same 
as  If  the  total  system  was  modeled  as  one 
structure.  The  unique  feature  of  this  devel¬ 
opment  Is  that,  for  the  Individual  component, 
no  knowledge  of  the  adjoining  component  Is 
required  other  than  geometry  of  the  inter¬ 
faces.  The  load  transformation  for  the  com¬ 
ponent  is  developed  relative  to:  1)  inter¬ 
face  deflections,  and  2)  unit  loads  applied 
to  the  component  with  fixed  interfaces. 

Through  the  transformation  developed  In  the 


modal  coupling  procedure,  the  resulting  load 
transformations  are  then  expressed  in  terms  of 
Inertial  loads  (accelerations)  which  can  then 
be  utilized  In  a  transient  response  analysis 
accounting  for  effects  of  adjoining  structure 
through  redundant  Interfaces. 

Formation  of  the  load  transformation  using 
finite  element  techniques  is  examined  and  two 
methods  of  development  are  presented,  one  being 
unique  In  that  by-products  of  the  development 
are  required  matrices  for  modal  synthesis  tech¬ 
niques.  Development  of  related  equations  Is 
detailed.  An  example  case  Is  presented  for  a 
transient  response  analysis  comparing  exact 
results  obtained  from  a  model  and  load  trans¬ 
formation  of  a  total  system  to  results  obtained 
using  the  subject  component  load  transforma¬ 
tions  and  modal  synthesis  techniques.  Effects 
of  modal  truncation  on  loads  results  Is  also 
noted. 

The  versatility  of  the  proposed  method  is 
obvious  relative  to  the  application  to  a 
loads  analyses  of  a  spacecraft  that  must  be 
compatible  with  several  boost  vehicle  systems. 
Redundant  structural  Interfaces  between  space¬ 
craft  and  booster  In  the  past  have  been  treated 
by  either  simplification  using  an  approximation 
of  a  determinate  Interface  and  neglecting  the 
Interface  feedback  effects  on  loads,  or  by 
developing  spacecraft  load  transformations 
utilizing  structural  compliance  of  the  booster 
at  the  Interfaces.  The  latter  approach  while 
offering  a  reasonable  approximation  of  the 
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actual  loading  situation  has  a  disadvantage  In 
that  the  spacecraft  model  and  load  transforma¬ 
tion  become  booster  dependent  requiring  separ¬ 
ate  models  for  each  booster  vehicle  considered. 
The  proposed  load  transformation  method  offers 
significant  advantages  since  It  Is  mathema¬ 
tically  correct  and  eliminates  booster  depen¬ 
dence. 


MODKL  COUVUMG  AND  LOAD  IBAMSfOBMATlONS 

It  Is  assumed  that  a  large  structural 
analysis  Is  to  be  performed  such  that  some 
technique  of  modal  coupling  Is  required.  An 
elementary  member  loads  equation  Is  written  as 


[“]  N} 


where  k  >  finite  element  stiffness  kernel, 

<l>  <9  geometric  compatibility  trans¬ 
formation 

h^  ~  discrete  displacements  of  the 
composite  component 

The  loads  equation  Is  shown  here  to  point  out 
that  the  basic  data  required  to  obtain  loads 
(once  the  finite  elemental  stiffnesses  have 
been  defined)  Is  an  accurate  definition  of  the 
displacements.  The  definition  of  the  displace¬ 
ments  Is  a  function  of  the  technique  of  the 
modal  coupling. 

Consider,  as  an  example,  two  components, 

A  and  B,  as  shown  In  Figure  1,  which  could  be 
thought  of  as  a  booster  (component-A)  and  a 
payload  (component- B) . 


Redundant  Interface 


Figure  1.  Components  A  and  B 


To  obtain  payload  member  loads  via  equation 
(1) ,  an  accurate  definition  of  hg  must  now  be 
developed.  For  the  two  independent  components, 
we  may  write 


["*  ISja 


K  ~  stiffness  matrix, 

F  -  externally  applied  forces,  and 

h  -  total  discrete  motion  (dlsplace- 
sient) . 

It  Is  now  desired  to  tie  A  and  B  together  at 
the  A/B  Interface.  An  Inertial  coupling  tech¬ 
nique  Is  chosen  to  accomplish  this  as  follows. 


1.  Let  h 


"A  ^A  ‘’a  *  ^A  ’’a  I/F 
'  Ig  S  +  ^B  “b  I/F 
where  typically, 

[I  1  s  L?J  ^  non- Interface  dofs 

LoJ  (  interface  dofs 


S  ^B  “b  I/F 


L  LoJ  i  Interface  dofs 

hg  “  non-interface  relative  (to 
Interface)  motion 

Tg  “  constraint  modes  (Ref.  1) 

2.  Tie  A  and  B  together  via  constraint 
equation 

{’’b  I/f[  "  {^A  I/f|  “  {*’1} 
Combining  steps  1  and  2  into  matrix  form: 

''■aLM'aI 


T. 

I. 

A 

A 

T„ 

R 

Substituting  (4)  Into  (2)  and  premultiplying 
by  (4)- transposed  yields  Inertlally  coupled 
equations  of  motion 


T 

TTM  I 

^a"a^a 

^Vb' 

I^M  T 

AAA 

T 

_  A  A  A_| 

.  .  J - 

lWa_ 

1  T^F  +  T^F  i 

“I 

■):c:  ^ 


mass  matrix, 


Next,  use  the  bottom  row  of  (5)  to  obtain  an 
expression  for  hg. 
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(6) 


[\]  ■  Kvb]''* 

=  0 

<'> 


jt)-  [m]  {  +  [LT2]*f  (F.  h)  (13) 


Equation  (13)  satisfies  the  formation  of  a 
loads  equation/ transformation.  However,  to 
complete  this  section,  more  discussion  on 
'Nsodal"  coupling  Is  In  order. 

Equation  (S)  represents  the  discretely 
coupled  equations  of  motion  of  the  system. 

To  s%ri.tch  to  a  modally  coupled  equation,  the 
follo%ri.ng  expression  may  be  used. 


Assuming  there  exists  a  set  of  normal  elastic 

modes  (constrained  at  the  Interface)  for  cos^  i 

•>1 

I  ‘ 

ponent  B, 

I  0.  1 

tt  ^ 

►  -  ( 

*  A  1 

“  «B  S  W 

.  i  iv 

(14) 


Substituting  equation  (8)  Into  (7)  yields 


Now  equation  (1)  may  be  expanded  by  first  sub¬ 
stituting  the  second  row  of  equation  (4)  Into 
(1) 


where 


cantlleve_red  modes  of  component-A, 
based  on  M.  “  iTm.I.  and 


AAA 


0^  •  cantilevered  modes  of  component-B, 
based  on  -  ^B^^B 

h  -  ^bVb 


(10) 


and  then  substituting  equation  (9)  Into  (10), 

*  WH!' 


Hk'*  *H! 


(11) 

(12) 


Equation  (5)  could  now  be  used  to  obtain  an 
expression  for  hj  In  terms  of  applied  forces 
and  accelerations  (similar  to  what  was  done 
for  hg  in  equation  (7)),  however,  expansion  of 
hi  is  superfluous  for  this  discussion;  suffice 
to  point  out  that  hi  will  In  fact  be  written 
in  terms  of  applied  forces  and  system  accel¬ 
erations  and  will  not  be  left  as  a  dlsplacesient 
term.  So,  In  equation  (12)  let 

{hi|  -  f  (F,  h) 

and  finally,  equation  (12)  may  be  written  as 


0^  ■  free- free*  modes  of  total  compo¬ 
site  system  reduced  to  the  Inter¬ 
face  dofs,  based  on 

■  ❖a^A  +  ^X^B  • 

■  ❖a^a  + 

*Iiote  -  If  either  cooponent-A  or  component-B 
Is  In  reality  constrained  to  ground  at  dofs 
other  than  1/F  dofs,  then  the  modes,  0i,  will 
reflect  the  composite  structure  constraint 
(l.e.,  01  will  be  constrained  modes).  It 
should  be  (noted  that  If  the  composite  system. 
Is  free- free,  then  0i  contains  the  rigid  body 
orndes.  If  the  interface  Is  determinant,  then 
Kim  0.,  and  Hi  Is  simply  a  rigid  body  mass 
matrix,  and  0i  Is  only  rigid  body  modes.  Sub¬ 
stituting  (14)  Into  (5)  and  premultiplying  by 
(14)  transposed  yields  the  Inertlally  nndal 
coupled  equations  of  motion. 


0^t'^M  I  0 

''i^a"a^a*a 


T  T 

«iWb«b 


) 


0^  (T^F 
•l'  A  A 


01f 

V* 

0*F 
"b  B 


(15) 
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Equation  (15)  may  be  used  In  the  form  shown 
for  further  transient  analyses,  or  the  modal 
mass  and  stiffness  coefficients  may  be  used  in 
another  eigensolution  to  form 


Equation  (16)  may  now  be  substituted  into  (IS), 
then  premultiplied  through  by  (16)  transposed 
to  yield  diagonal  coefficient  equations  of 
motion  of  the  form 


H  h]  *  H]  {=c( 


(17) 


A  damping  term  may  be  Included  in  the  above 
equation  using  generally  accepted  practices. 


are,  again,  somewhat  cumbersome  to  form.  Ex¬ 
pression  (19)  represents  member  loads  due  to 
unit  Interface  displacements.  This  portion  may 
be  formed  by  applying  unit  loads  to  each  of  the 
degrees-of-freedora  of  the  Interface,  one  at  a 
time,  each  time  with  the  other  Interface 
degrees-of-freedom  being  fixed.  For  each  ap¬ 
plied  unit  load,  a  column  in  the  above  matrix 
is  formed  which  can  be  normalized  to  unit  de¬ 
flection  at  the  interface.  Another  feature  of 
the  unit  load  solution  in  this  application  is 
that  in  addition  to  formation  of  the  load 
transformation,  the  constraint  modes  matrix 
Tg  is  obtained  as  a  by-product.  Each  column 
of  Tg  is  the  diEpleu:ement  at  each  non- inter¬ 
face  degree-of- freedom  for  a  unit  Interface 
deflection.  This  matrix  is  also  required  for 
modal  coupling  as  discussed  previously  and 
again  direct  formation  requires  large  matrix 
Inversions  and  multiplications. 


EXAMPLE  PROBLEM 

The  subject  load  transformation  methodol- 
ogy  was  used  with  the  modal  coupling  proce¬ 
dure  on  the  component  models  of  an  example 
problem  shown  in  Figure  2. 


UNIT  LOAD  SOLUTION 

The  procedure  outlined  for  development  of 
the  load  transformations  in  equation  (11)  in¬ 
volves  direct  matrix  multiplication  which  can 
be  cumbersome  for  large  matrices.  An  alter¬ 
nate  approach  is  available  through  a  unit  load 
solution,  which  is  a  feature  of  oust  finite 
element  programs.  Examining  the  terms  of 
equation  (11)  reveals  that 

[”]  [h]  H  K]  <>•: 

is  actually  a  coefficient  matrix  which  yields 
member  loads  due  to  Inertial  and/or  applied 
forces  on  component  B  with  a  fixed  Interface. 
This  portion  of  the  overall  LTl  transformation 
is  often  a  most  cumbersome  matrix  to  form  due 
to  potentially  very  large  payload  models  now 
being  generated.  However,  as  an  alternate  to 
the  explicit  formation  of  K'l'  Eg,  a  unit  load 
solution  can  be  employed.  Applying  unit  loads 
successively  to  each  of  the  non-interface 
degrees-of-freedom,  yields  a  column  of  the 
transformation  for  each  unit  load.  Mb  and  0B 
are  readily  available,  however  Tg  (the  con¬ 
straint  modes)  and  the  other  coefficient  of 
equation  (11)  LT2  or 


FIGURE  2.  COMPONENT  MODELS  FOR 
EXAMPLE  PROBLEM 


An  "exact  solution"  for  comparison  was  ob¬ 
tained  using  the  total  system  model  as  shown 
in  Figure  3. 


Component  B  represents  a  payload  while  compo¬ 
nent  A  represents  a  boost  vehicle.  The  redun¬ 
dant  Interface  Is  Indicated  at  Joints  10/13, 
11/14,  12/15.  Pinned  jointed  trusses  with  2 
degrees-of- freedom  at  each  joint  were  used. 

The  truss  members  were  assigned  axial  stiffness 
of  40  lbs/  in.  (7000  N/m).  Hass  of  0.10  lbs 
sec^/in.  (17.5  Kg)  was  assigned  to  joints  7, 

8,  10  and  11  and  0.01  lbs  sec^/ln.  (1.75  Kg)  to 
all  other  joints. 

Load  Transformation  for  Component  B  Using  Unit 
Load  Solution 


component  B  load  transformation  (expression 
(18))  was  formed  using  unit  load  solutions  with 
the  Interface  joints  13,  14  and  15  fixed  In  all 
degrees-of- freedom.  Figure  4  shows  structural 
deflections  and  member  loads  for  typical  unit 
load  applications.  The  displacement  dependent 
portion  of  the  component  B  load  transformation 
(expression  (19))  was  formed  using  unit  load 
solutions  with  the  results  normalized  to  unit 
interface  displacements.  For  each  of  these 
load  conditions  all  Interface  degrees-of- 
freedom  were  restrained  except  for  the  degree- 
of-freedom  where  the  unit  load  was  applied. 
Continuing  this  procedure  for  all  interface 
degrees-of- freedom  completes  the  load  trans¬ 
formation.  Figure  5  shows  structural  deflec- 


The  inertial  load  dependent  portion  of  the 


cions  and  oenber  loads  for  Che  unlc  Incerface 
deflecCion  cases.  The  deflecCed  shapes  shown, 
as  previously  IndlcaCed,  represents  Che  con- 
sCrainC  modes  of  componenC  B. 

TransienC  Response  Analysis  and  Loads  Compari¬ 
son 

A  CranslenC  response  analysis  uas  con- 
ducCed  on  Che  combined  system  (Figure  2)  to 
affect  an  "exact  solution". 


the  initial  uncoupled  equations  of  motion  for 
component  A  and  component  B  were  written  (see 
equation  (2)).  The  two  components  were  con¬ 
strained  at  their  Interface  dofs  to  obtain 
constrained  modes  and  frequencies,  0  and 
and  from  the  component  free  stiffness  matrices, 
constraint  modes,  T,  were  obtained.  Using  Kj 
and  Mx  (see  equation  (14)),  0x  and  were 
also  obtained.  Having  this  Information, 
equations  (4)  and  (14)  were  combined 


■^A«I 

L^B 


I 

I 


(22) 


and  applied  to  equation  (2)  to  form  equation 
(15).  The  'Wdal  modes"  of  equation  (16)  were 
then  obtained  and  used  to  form  the  final  modal 
equations  of  motion.  Including  damping,  rewrit¬ 
ten  here. 


FIGURE  6.  FORCING  FUNCTION 


[i]  {;>>}  *  [2:.,] 


The  force  time  history  shown  in  Figure  6  was 
applied  to  the  X  degree-of-freedom  at  joint  2 
on  component  A  to  simulate  a  booster  thrust 
transient  condition. 


*  [-c]  -  [•?]  * 


For  the  "exact  solution"  composite  system 
free-free  stiffness  and  mass  matrices,  Kab  and 
Hab>  were  obtained  by  discrete  coupling  of  the 
component  stiffness  and  mass  matrices.  Free- 
free  modes,  0AB>  frequencies,  u^ABf  were 
generated  using  Kab  ^AB<  A  transient 
analysis  was  then  run  using  the  form 


(1%  damping  was  assumed) 


(23) 


[^]  {«AB<‘>}  +  [°-2wab]  {«Ab(‘>} 

K]  {'ab(^>}  ■  KB]{f<‘>}  <20) 

Note  that  all  modes  of  the  A/B  system  were  kept 
In  generating  the  above  coefficient  matrices. 
The  member  load  time  histories  were  then  de¬ 
termined  using  the  form 

{«o}  -  [s]  [•.]  ['«]  ({'«>} 

-[«ab]  [«ab]  (^(^>}) 

These  "exact  solution"  results  are  tabulated 
In  Table  1. 


Note  that  the  sire  of  this  modal  system  Is 
dependent  on  the  number  of  component  modes 
(columns)  kept  In  equations  ((14)  or  (16)). 
Since  modal  truncation  Is  known  to  affect  the 
accuracy  of  the  final  results,  member  loads 
were  calculated  for  two  cases:  1)  using  all 
(42)  available  component  modes  to  Insure  that 
any  member  load  discrepancy  from  the  exact 
solution  was  not  a  function  of  modal  trunca¬ 
tion,^  and  2)  using  only  30  modes  (frequency 
cutoff  at  15.0  Hs)  to  Insure  that  the  use  of 
the  subject  loads  transformations  are  not 
critically  sensitive  to  modal  truncation  (as 
can  be  a  modal  displacement  dependent  loads 
transformation) .  Loads  results  are  tabulated 
In  Table  1  providing  a  comparison  between  the 
"exact  solution"  and  the  proposed  load  trans¬ 
formation  methodology  consistent  with  nodal 
synthesis  techniques. 


The  modally  coupled  equations  of  motion 
were  generated  next.  Referring  to  Figure  2, 


TABLE  1. 

CWIPARISON  OF  LARGEST  VALUES  OF 
MEMBER  LOADS  (FORCE  UNITS) 


Modal  Synthesis  Method 


mber 

No. 

Exact 

Solution 

All  (42) 
Modes 

30  Modes 

1* 

.0956 

.0956 

.0950 

2* 

-.0597 

-.0597 

-.0581 

3* 

-.1919 

-.1919 

-.1990 

4 

.0811 

.0811 

.0812 

5 

-.0690 

-.0690 

-.0664 

6 

-.1232 

-.1232 

-.1238 

7 

-.0581 

-.0581 

-.0561 

8 

-.0667 

-.0667 

-.0647 

9 

-.1229 

-.1229 

-.1265 

10* 

.0825 

.0825 

.0824 

11* 

-.0666 

-.0666 

-.0674 

12 

-.0616 

-.0616 

-.0632 

13 

-.0766 

-.0766 

-.0722 

14 

.0457 

.0457 

.0477 

15 

-.0506 

-.0506 

-.0491 

16 

.0337 

.0337 

.0359 

17 

-.0314 

-.0314 

-.0298 

18* 

-.0656 

-.0656 

-.0677 

19 

-.0562 

-.0562 

-.0535 

20 

-.0602 

-.0602 

-.0557 

21* 

.0959 

.0959 

.0906 

22 

.0650 

.0650 

.0641 

23 

.0609 

.0609 

.0614 

*  Members  connected  to  Interface  Joints  (refer 
to  Figure  2) 


Examination  of  the  Table  1  comparison 
shows  that  where  all  the  modes  are  retained, 
precisely  Che  same  loads  results  are  obtained 
with  Che  proposed  methodology  as  with  the 
exact  solution.  Truncation  of  Che  modal  In¬ 
formation  shows  some  minor  deviation  from  Che 
"exact  results",  consistent  with  normal  expec¬ 
tations  of  modal  coupling.  The  Importance  of 
the  latter  comparison  Is  Co  show  that  the  load 
transformation  methodology  results  do  not 
diverge  as  a  result  of  modal  truncation.  This 
Is  to  say  that  where  large  systems  are  Involved 
which  require  modal  synthesis,  modal  truncation 
Is  also  required  and  minor  errors  are  expected. 
The  load  transformation  methodology  does  not 
represent  a  further  compromise. 


CONCLUSION 


It  should  be  noted  that  LTl  and  LT2  of 
equation  (13)  can  be  formed  by  a  payload  de¬ 
veloper  without  knowledge  of  the  booster 
Interface  structure  other  than  Interface 
geometry.  Further,  due  to  the  final  form  of 
LTl  and  LT2,  It  does  not  matter  whether  or  not 
there  are  more  components  with  further  redun- 
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danC  load  paths  (eg.,  other  booster  stages) 
behind  component  A,  Similarly,  the  booster 
developer  can  make  changes  to  the  Interface 
properties  for  an  evolving  boost  structure 
without  Impacting  the  payload  model.  In¬ 
cluding  the  LT2  affects  Into  Che  loads  com¬ 
putations  assures  the  additional  payload  loads 
due  to  applied  and/or  inertial  loads  on  the 
lower  structure,  l.e.,  LT2  is  a  "feedback" 
term  which  potentially  produces  the  additional 
loads. 


Utilization  of  Che  modal  coupling  tech¬ 
nique  employing  "interface  modes"  reduces  the 
amount  of  work  the  booster  contractor  must  do 
for  each  payload  study  by  eliminating  Che  re¬ 
quirement  for  "cascading"  the  effect  of  the 
payload  and  upper  stages  for  conditioning  of 
the  uncoupled  booster  modal  analyses  (Refer¬ 
ence  1),  The  Interface  modal  information  can 
be  used  even  if  the  payload  structure  does  not 
tie  to  all  Interface  points  or  degrees-of- 
freedom.  The  effects  of  truncation  of  modes 
using  the  "Interface"  modal  coupling  method 
are  still  being  Investigated;  especially  for 
the  case  where  degrees-of-freedom  are  not 
used  by  the  adjoining  structure. 
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REDUCED  SYSTEM  MODEI£  USING  MODAL  OSCI LLATORS  FOR  SUBSYSTEMS 
(RATIONALLY  NORMALIZED  MODES) 


F.  H.  Wolff  and  A.  J.  Molnar 
Westinghouse  R&D  Center 
Pittsburgh,  PA  15235 

This  paper  develops  a  method  of  using  modal  oscillators  to  represent 
complex  structural  subcomponents  which  can  be  applied  to  unidirec¬ 
tional  models.  It  is  shown  that  the  oscillator  mass  must  be  the 
effective  mass  to  guarantee  the  correct  total  system  characteristics. 
Furthermore,  when  the  modes  are  normalized  in  a  specific  way  the 
effective  mass  and  generalized  or  modal  mass  are  identical. 


v'' 


INTRODUCTION 

Finite  element  methods  using  matrix  tech¬ 
niques  are  being  used  extensively  for  dynamic 
analysis  of  complex  structures.  For  linear 
elastic  structures  matrix  reduction  schemes 
and  modal  solutions  using  reduced  numbers  of 
modes  are  valuable  methods  for  obtaining 
dynamic  solutions  of  large  mechanical  systems. 
Many  of  these  systems  involve  interaction 
between  subcomponents  which  in  themselves 
are  quite  complex. 

This  paper  reviews  and  extends  a  method 
of  reducing  a  class  of  complex  structural  sub¬ 
components  (unidirectional  models)  into  modal 
oscillators  which  are  dynamically  equivalent  to 
the  subcomponent  mode  they  represent.  These 
oscillators  can  then  be  attached  to  the  main 
structure  to  become  part  of  the  overall  system 
model.  If  the  overall  system  model  is  linear, 
reduction  or  modal  me^ods  can  be  repeated  to 
further  reduce  the  total  system. 

A  brief  review  of  applicable  normal  mode 
theory  is  presented  which  includes  modal 
effective  mass,  unity  participation  factors, 
rationally  normalized  modes,  restrictions, 
etc .  Two  illustrative  examples  are  presented. 


DISCUSSION 

The  distinguishing  feature  of  a  normal 
mode  is  that  the  system  can  vibrate  freely  in 
that  mode  alone  and  during  such  vibration  the 
ratio  of  the  displacements  of  any  two  masses  is 
constant  with  time.  The  ratios  define  the  char¬ 


acteristic  shape  of  that  mode.  Since  each 
mode  can  be  arbitrarily  multiplied  by  a  con¬ 
stant,  there  are  several  normalizing  schemes 
which  are  employed.  For  example,  modes  are 
often  normalized  such  that  the  maximum  ampli¬ 
tude  in  each  mode  is  unity  or  sometimes  the 
normalization  is  such  that  the  generalized  mass 
is  unity.  However,  for  these  normalizing  tech¬ 
niques  the  modal  response  (q)  has  no  physical 
significance.  Furthermore,  the  mode  shape 
amplitudes  of  two  distinct  modes  relative  to 
each  other  have  no  physical  meaning. 

F.  J.  Heymann  [l]  gave  a  terse  treatment 
of  "rationally  normalizing"  mode  shapes.  His 
work  is  extended  in  this  paper  to  demonstrate 
that  when  modes  are  normalized  such  that 
participation  factors  are  unity,  a  necessary 
and  sufficient  condition  Is  established  for 
"dynamic  equivalence"  between  the  modal 
oscillator  and  the  physical  mode  it  represents. 
That  is,  the  energies  (kinetic  and  strain), 
external  work,  momentum,  and  inertia  reac¬ 
tions  are  preserved  between  the  system 
response  in  a  specific  mode  and  the  equivalent 
modal  oscillator.  This  paper  shows  that  if  the 
modes  are  normalized  such  that  the  participa¬ 
tion  factors  are  unity  the  modal  generalized 
mass  is  automatically  the  modal  effective  mass 
which  satisfies  the  dynamic  equivalence 
condition. 

Modal  oscillators  are  particularly  con¬ 
venient  to  use  when  only  a  few  modes  of  vibra¬ 
tion  are  required  to  describe  the  vibratory 
response  of  a  structure  or  some  subcomponent 
of  the  structure.  For  example,  in  seismic 
analysis  usually  the  low  frequency  modes  (0  to 
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where 


30  hz)  are  of  concern,  consequently,  the  higher 
frequency  modes  can  be  omitted.  Also,  in 
force  excited  systems  where  the  location  and 
nature  of  the  externally  applied  forces  are 
known  only  selected  modes  may  be  required. 

An  example  is  given  where  modal  oscilla¬ 
tors  were  us^  to  represent  the  lateral  vibra¬ 
tion  modes  of  steam  turbine  blades  which  are 
excited  by  torsional  oscillations  of  the  main 
rotor.  Moreover,  the  mass  of  the  oscillator 
(which  must  be  the  effective  mass  of  the  lateral 
modes  calculated  to  a  fixed  base)  is  converted 
to  the  corresponding  rotary  inertia  which  is 
dependent  upon  the  rigid  body  effects  of  the 
rotor  radius.  Finally  a  combined  system 
torsional  model  is  illustrated. 


MODAL  OSCILLATOR  MODELS  OF 
SUBCOMPONENTS 

The  use  of  modal  oscillators  to  represent 
subcomponents  is  developed  for  a  lumped 
parameter  unidirectional  model  (Fig.  lA) . 

Following  a  modal  transformation  (assum¬ 
ing  the  subcomponent  has  a  fixed  support  at  A, 
Fig.  lA) 

W-MM  <» 

where 


Z  =  the  subcomponent  connection 
(support)  motion  of  point  A, 

"q®  =  the  subcomponent  a^  modal 
acceleration, 

s  th 

q  =  the  subcomponent  a  modal 

displacement, 

S  til 

w  =  the  subcomponent  a  modal  natural 
frequency, 

=  the  amplitude  of  subcomponent  mass 
point  j  in  the  atl*  mode, 

N 

MG®  =  y  m®  (<#>f  =  the  a**'  mode 

a  /_»  J  j,a 

j=i 

generalized  mass, 

KG®  =  (w®)^  MG®  =  the  a'"^  mode  general- 

A  A  A 

ized  stiffness, 

N 

FG®  =  y  '#>f  -  F,  =  the  a^  mode  general- 
a  Lj  a  j 

j=l 

ized  force. 

The  coefficient  of  the  support  motion  (Z) 
term  can  also  be  expressed  as 


|x®}  ={x®:  j=l,  n}  is  the  absolute  dis¬ 
placement  vector  of  the  mass  points 
of  the  subcomponent 

[<I>®]  =[<^  j  j=l)  N  &  a=l,  n]  is  the  modal 
matrix 

{q®}  =  {q®:  a=l,  n}  is  the  normal  mode 
displacement  vector 

The  equations  of  motion  of  subcomponent  (s) 
can  be  written  in  terms  of  normal  mode 
coordinates.  For  the  ati>  mode 


MG®  q®  +  KG 
a  ’a 


s 

a 


q 


s 

a 


i=i 


In  order  for  Eq.  (5)  to  be  the  equation  of 
motion  of  a  modal  oscillator  the  participation 
factor  must  be  unity  (Pf  =  l-O).  This  can  be 
illustrated  by  examining  the  equation  of  motion 
for  the  system  shown  in  Fig.  IB.  In  matrix 
form  the  equations  are 


0 - 0 


-Kj 

-K,  . 


K„,ZlKc“  -KgJ.-K 


-0  -KG?  KG?  Or 


-0  MC-  q?, 


to  another  structure  which  is  not  scaled, 
must  be  unity  to  obtain  the  proper  total  system 
model. 


«  H  "i?  H  N 


i  I  ^  I  1  \  Subcomponent  <S> 


X.  f  Primary 


\  .  '■o 

— ^0  kg’jjJ 


Taking  the  equation  (row)  corresponding  to 
the  a^  mode  of  subcomponent  (s)  from  Eq.  (6). 

Comparing  Eq.  (7)  to  Eq.  (5)  with  the  attach¬ 
ment  constraint 


requires 


X  =  Z 
m 


KG®  =  KG®  P® 
a  a  a 


P®  =  1.0 
a 


Also  dividing  Eq.  (5)  thru  by  Pa  gives  the 
equation  of  an  oscillator  whose  coordinate  is 
(q|/I^;  i-  I  1/Pa  effect  a  scale  factor 
for  a  modal  oscillator.  In  cases  where  there 
is  prescribed  base  motion  the  scaled  modal 
oscillator  equation  gives  the  correct  results; 
however,  when  the  modal  oscillator  is  attached 


Fig.  1  -  Unidirectional  lumped  parameter 
multi-degree-of-freedom  system  (lA) 
and  "Dynamically  Equivalent" 
model  using  modal  oscillators 
for  subcomponent  (IB) 


RATIONAL  NORMALIZATION  OF  NORMAL 
MODES 

R  can  be  shown  that  arbitrarily  normalized 
mode  shapes  satisfy  the  eigenvalue  problem  [2j  ; 
however,  in  order  to  satisfy  Eq.  (8)  (P|  =  1)  a 
normalizing  factor  a  |  is  needed  which  will 
guarantee  this  condition.  Consider  newly  scaled 
scaled  mode  shapes 

The  new  participation  factor  becomes 

N  N 

VStS  sV  s.s 

)  m.  A.  a  >  m.  <p . 

L  1  n,a  a  ^  J  ^J.a 

nS  _  j=l  .  i=l 

U - N - 

V  s#,-s  ,2  ,  S.2  V  s  , , s  .2 

j=l  j=l 


Applying  condition  (Eq.  (8))  gives 


a 


8 

a 


(10) 


or  the  normalizing  factor  is  the  participation 
factor.  The  rationally  normalized  mode  shapes 
become 


T.S  A® 

a  j,a 


(11) 


The  generalized  mass  corresponding  to  the 
rationally  normalized  mode  shape  is 


which  is  the  effective  mass  for  mode  a. 
Furthermore,  the  effective  mass  which  is 
invariant 


for  mode  (a)  with  effective  mass  and  unity  par¬ 
ticipation  factor  of  subcomponent(8)  is 
"dynamically  equivalent"  to  mode  (a)  of  sub- 
component(8). 

MG®  ^  +  Kg®  q®  =  FG  ®  +  KG®  Z  (14) 

SHOCK  AND  SEISMIC  RESPONSE  SPECTRA 
ANALYSES 

For  a  system  which  is  base  excited  only 

Z=|z|f(t)  (15) 

with  amplitude  |  z|,  the  equation  of  motion  is 

SJGa^a  +  "^^a^a  =  *^a  ^  =^a  Nl 

from  which  the  static  response  is 

q^  (static)  =  IZ I  (17) 

Therefore,  the  ratio  of  the  static  response  of 
mass  point  is  in  any  two  modes  u  and  v  is 
identically  the  ratio  of  the  rationally  normal¬ 
ized  mode  shape  amplitudes 

^i.u  (static)  (static) 

,  V  ,  V  %  ^ j ,  V 

because 

^  (static)  =  (static)  (19) 


j 


(13) 


has  been  shown  by  others  [l,  3j  to  satisfy 
"dynamic  equivalence"  between  an  oscillator  and 
and  the  system  in  the  mode  the  oscillator 
represents.  Therefore,  the  modal  oscillator 


hi  other  words,  the  rationally  normalized  mode 
shapes  determine  the  relative  importance  of 
the  modes  of  vibration  for  the  stsdic  response. 
Of  course,  for  the  total  dynamic  response  the 
resonance  or  dynamic  lo^  factor  must  be 
included.  However,  udien  motion  is  suddenly 
applied  to  the  base 

US  <“> 

The  dynamic  load  factor  [4j  is  2  for  all  modes 
such  that  the  rationally  normalized  mode  shapes 
are  the  sole  indication  of  what  modes  are 
important. 

For  a  response  spectrum  analytis  such  as 
used  in  seismic  calculation,  the  modal  re¬ 
sponse  can  be  read  directly  from  the  spectrum 
when  the  modes  have  been  ratimally  normal¬ 
ized.  This  eliminates  the  need  for  using  par¬ 
ticipation  factors  to  evaluate  important  base 


for  the  eigenvalues.  One  set  of  arbitrarily 
normalized  mode  shapes  is 


excited  modes  in  shock  or  response  spectra 
anafyses;  mode  shape  amplitudes  and  natural 
frequencies  determine  what  modes  are 
important. 


NUMERICAL  EXAMPLE  TO  ILLUSTRATE 
EFFECTIVE  MASS  IS  REQUIRED  TO  GIVE 
CORRECT  OVERALL  SYSTEM 
FREQUENCIES 

The  model  of  Fig.  2  is  imed  to  show  that 
the  effective  mass  is  required  to  obtain  the 


Subcomponent  (II 


(.7236U 


Fig.  2  -  Model  to  illustrate  effective  mass 
(generalized  mass  with  unity  participation 
factor)  is  required  to  obtain  correct 
system  frequencies  ^en  modal 
oscillators  represent  subcomponent 


correct  overall  system  natural  frequencies 
whmi  a  subcomponent  is  modeled  with  oscilla¬ 
tors.  The  frequency  equation  for  the  two  mass 
subcomponent  of  Fig.  2A  is 


0.618  -1.618 


1.0  1.0 


Therefore,  the  generalized  parameters  cor¬ 
responding  to  mode  shapes  of  Eq.  (23)  is 

MGj  =  m((0. 618)^  +  ( 1)^  =  1. 3819m; 

KG,  =  0.  382  —  1.  3819m  =  0.  5279k; 

1  m 

MGg  =  m((-l.  618)^  +  ( 1)^  =  3. 6179m; 

KG,  =  2. 618  —  3. 6179m  =  9.  4717k; 

Z  m 

„  _  m(0.618  +  1)  _  ,  ,,„o. 

M  -  1.3816m 

T,  _  m(-1.618  +  1)  _  n  irrno  /o.n 

*^2  ■  ■  S.'Smm - 

If  the  mode  shapes  are  rationally 
normalized 


^1*^1, 1  **2*1,2 


0.7236  0.2764 


**1*2,1  **2*2,2  *-*'*°®  -0-1708 


the  generalized  parameters  are 
laCj  =  m((0,7236)^  +  (1.1708)^  =  1.8944m 
=  MEj;KCj  =  0.7236k; 

NlSg  =  m((0. 2764)^  +  ( -0. 1708)^  =  0. 1056m 
=  ME2;1C52  =  0.2764k; 


-R  _  m(0.7236  +  1.] 
M  " - 1.8d44m 


^4  3k  ^2  ^  _  n 

"  ■  m"  ^-2  =  0 
m 


which  gives 


w  2=0.382^,  w  2  =  2.618^ 
1  m  £  m 


_  m(0. 2764  -  0. 1708)  _  ,  „ 

'9 - A  lOKAn, - *-0  (26) 


The  total  system  of  Fig.  2A  has  the  char¬ 
acteristic  equation 

1 3k-2mw^  -k  0  I 


2k-mw 


-k  =0 


k-mcu 


or 


W*.'- 


oj®.4.5^  w^  +  5-^oj^-i^  =  0  (27) 

m  m 

which  gives 

o)  2  =  0.2554^,  f,  =0.0804^ 

1  m  l  -V  ni 

“2^  =  1- 3555  f2  =  0.1853^  (28) 


MODELING  TURBINE  BLADE,  DISC  EFFECTS 
IN  TORSIONAL  MODELS  OF  TURBINE- 
GENERATOR  SYSTEMS 

Oscillator  models  are  particularly  useful 
vdien  crucial  modes  of  vibration  can  be  clearly 
identified;  e.  g. ,  to  investigate  the  torsional 
vibrations  of  a  turbine-generator  system  due  to 
phase  unbalance  in  the  electrical  load  distribu¬ 
tion  system.  Phase  unbalance  causes  a  120  hz 
oscillating  component  of  generator  air  gap 
torque;  therefore,  system  modes  at  or  near 
120  hz  are  of  primary  concern. 


The  "dynamically  equivalent"  modal  oscil¬ 
lator  model  of  Fig.  2B  has  the  characteristic 
equation 


Jk  » 0.7238k  *  0.«64k  -  Jma,*  -0.7236k  -0.2764k 

-0.7236k  0.7236k  -  1.8944mtai^  0  =0 

4 

-•0.2764k  0  0.2764k  -  0. 10S6mw 


or 


6  k  e  k  4  ,  2  . 

(0  -4, 5—0)  +  5-L^  ut - 3“® 

m  m 


(29) 


Since  turbine  blades  (or  blade  groups)  and 
discs  (axial  direction)  are  mechanical  compo¬ 
nents  which  have  frequencies  and  vibraticm 
modes  of  the  total  rotor.  The  dynamics  of  the 
blades,  etc.  can  be  conveniently  incorporated 
in  a  lumped  parameter  model  using  oscil¬ 
lators  to  represent  the  important  modes  of  the 
blades.  The  dynamic  effects  of  the  subcom¬ 
ponents  on  the  total  torsional  system  modes  can 
be  represented  by  using  a  model  oscillator 
attached  to  the  main  rotor  model  which  con¬ 
tains  the  effective  modal  inertia  of  a  blade  or 
blade  group  mode  (a) ,  lEa,  and  a  spring  con¬ 
stant,  IEa(‘4ia)3.  The  effective  subcomponent 
inertia  of  higher  modes  is  considered  to  be  fol¬ 
lowing  the  rotor;  hence,  this  inertia  is  lumped 
with  the  rotor  to  conserve  the  total  inertia. 


which  yields  the  same  natursd  frequencies  as 
the  original  model  (Fig.  2A). 

On  the  other  hand,  consider  what  happens 
if  the  generalized  parameters  correspon^ng  to 
arbitrarily  normalized  mode  shapes  (Eq.  (24)) 
are  used.  The  frequency  equation  is 

2k  ♦  0. 5279k  ♦  9. 4717k  -  2mu*  -0. 5279k  -9. 4717k 

-0.5279k  0.5279k  -  l.38l9mu*  0  =0 

2 

•9.4717k  0  9. 4717k  •  3. 6179in(6» 


Any  structure  such  as  a  turbine  blade  group 
can  be  discretized  into  nodes  with  lumped  mass 
and  stiffness  (finite  elements);  accordingly,  the 
equations  of  motion  (Fig.  3)  can  be  expressed 
in  matrix  form  for  relative  motion 

[m){«}  .  [k]{«}  .  -  [[m]  [x]  .  R  [m]]{S„}  (32) 
for  rotor  angular  acceleration  where 

{«}.{Y}-[R[l].[x)]{eg}  (331 
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V, 


v*-  ■' 


W  .  4  _  •  . 


“J*  * 

C.-.* 


A. 

R- 


or 


0.® -9I  00^+  6.5-4  --4  =  0  (30) 

™  m  m 

vdiich  gives  uncorrect  total  system  frequencies. 

»j>.0.5574i,(j. 0.1188^  (31) 
"3* ffi- '3 


and 


[x]  =  matrix  of  distances  from  blade  root 
to  nodes 

|y}  =  absolute  displacement  of  nodes 
|uj  =  relative  displacement  of  nodes 
[  I  ]  =  identity  matrix 
R  =  radius  of  turbine  disk 


i 

i 


! 


(3Ai  (3B) 

Fig.  3  -  Schematic  of  a  turbine  blade 
and  disc 


After  the  normal  mode  transformation 

{u}  =  [<D]{q}  (34) 

is  applied,  the  modal  equations  of  motion 
become 


■  -  M 

+  r[$]'^  [m] 


{eJ  (35) 


where  the  generalized  mass  matrix  is 

[mg]  =  [m]  [«) 

or  for  any  particular  mode  (a) 


‘*a 


a  aJ 

‘'a  •  f  “i  ■^l.a 


The  effective  inertia  is  then 


IEa  = 


[«  Ta  -  Xj' 
Mg_ 


(38) 


For  rationally  normalized  mode  shapes  the 
modal  oscillator  is  dynamically  equivalent  to 
the  blades  vibrating  in  mode  (a)  and  attached  at 
a  radius  R  on  the  rotor.  Since  the  participa¬ 
tion  factor  corresponding  to  rationally  normal¬ 
ized  mode  shapes  is  unity,  Eq.  (36)  becomes 

q, +  --'4  (39) 

Once  having  the  modal  oscillator  model  of 
a  blade  or  blade  group,  the  combined  rotor  and 
blade  dynamics  can  be  investigated  as  a  tor¬ 
sional  system  as  illustrated  in  Fig.  4.  The 
equations  of  motion  for  the  2  inertia  model  of 
Fig. 


0 


4  can  be  written  as 


q,  •  6, 


Fig.  4  -  Torsional  model  for  rotor  and 
blade  or  blade  group 


The  physical  displacements  (relative  to 
rotor)  of  the  blade  or  blade  group  at  any  node  i 
in  mode  (a)  are  given  from  Eq.  (34) 


X  =  Z  M,  X,  cf>. 


To  include  additional  blade  modes  in  the 
torsional  model,  parallel  modal  oscillators 
are  added  representing  desired  modes. 

Fig.  5  shows  the  cross  section  of  a  speci¬ 
fic  low  pressure  timbine  design  which  con¬ 
tained  blade  groups  (L,  L-1,  L-2)  having 
natural  frequencies  near  120  hz.  Fig.  6 
illustrates  the  lumped  parameter  model  of  a 
turbine-generator  unit  used  to  investigate 
responses  to  phase  unbalance.  Both  the  first 
(L-l)l  and  second  (L-l)2  modes  of  the  L-1 
blade  groups  were  included  in  the  model. 


Fig.  5  -  Cross  section  of  a  typical 
LP  turbine 


Fig.  6  -  Turbine  generator  model  used 
for  a  Typical  System  Analysis 


CONCLUSIONS 

The  analyst  is  in  constant  search  for 
modeling,'  techniques  which  lead  to  simplified 
representations  of  complicated  systems  while 


maintaining  the  physical  properties.  Simplified 
models  not  only  reduce  time,  cost,  and  effort 
in  analyses  but  also  give  insight  to  the  physical 
phenomena.  This  paper  establishes  a  modal 
oscillator  which  is  dynamically  equivalent  to  a 
particular  mode  of  vibration  of  a  system  or 
subcomponent  of  a  system.  In  summary  the 
following  conclusions  may  be  stated: 

(1)  Oscillators  may  be  used  to  model  sub¬ 
components  any  time  there  is  a  single 
attachment  node. 

(2)  The  mass  of  the  subcomponent  oscilla¬ 
tor  must  be  the  effective  mass  in  order 
to  obtain  the  correct  total  system 
characteristics. 

(3)  Scaling  the  mode  shapes  such  that  the 
participation  factor  is  unity  has  been 
labeled  rational  normalization  of  modes 
and  guarantees  that  the  generalized 
mass  equals  the  effective  mass;  there¬ 
fore,  the  subcomponent  modal  oscilla¬ 
tor  becomes  dynamically  equivalent  to 
a  specific  mode  of  the  subcomponent. 

(4)  Rational  normalization  of  the  modes 
gives  physical  significance  to  the 
amplitudes  of  the  mode  shapes. 

(5)  Rational  normalization  of  modes  elimi¬ 
nates  participation  factors  as  a  criterion 
for  determining  important  base  excited 
modes  of  vibration. 

(6)  Rational  normalization  of  modes  allows 
the  modal  response  to  be  read  directly 
from  shock  or  seismic  respcmse 
spectra. 
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A  typical  torpedo  can  be  described  as  an  assembly  of  complex 
structures  contained  within  a  ribbed  shell  of  variable  shape 
and  thickness.  For  this  reason,  the  generality  embodied  in 
the  finite  element  method  lends  itself  well  to  the  construc¬ 
tion  of  an  analytical  model  of  a  torpedo  structure. 

In  the  present  study  a  torpedo  shell  is  modeled  with  plate 
and  beam  elements  while  internal  components  are  represented 
as  discrete  masses  on  spring  mounts.  Analytical  procedures 
and  test  data  were  used  to  formulate  the  various  internal 
component  models.  Upon  completion  of  the  modeling,  valida¬ 
tion  of  the  finite  element  model  was  gained  through  com¬ 
parison  of  an  eigenvalue  analysis  with  the  results  of  test 
data  obtained  during  full-scale  vibration  of  a  torpedo. 

This  investigation  establishes  a  validated  modeling  techni¬ 
que  which  provides  the  basis  for  the  prediction  of  transient 
shock  response  of  torpedo  vehicles  under  an  input  time 
history  via  time-space  integration  of  the  assembled  set  of 
dynamic  equations. 


BACKGROUND 

The  structural  elements  and  inter¬ 
nal  components  of  a  torpedo  are  sub¬ 
jected  to  severe  environmental  condi¬ 
tions.  The  ability  to  withstand 
various  forms  of  shock  or  explosive 
loading  is  a  most  critical  aspect  of 
torpedo  design  which  directly  influ¬ 
ences  the  functional  capacity  of  the 
vehicle  and  its  components.  Shipboard 
shock  waves  transmitted  to  stowage  con¬ 
figurations,  in-water  explosive  load¬ 
ing,  and  water-entry  shock  are  forms 
of  severe  dynamic  loading  which  can 
alter  or  destroy  the  vital  functions  of 
the  component  parts  of  a  torpedo. 

Thus,  with  regard  to  torpedo  component 
structural  design,  reduced  levels  of 
shock  sensitivity  are  criteria  of 
major  importance.  The  identification 
of  shock  wave  transmisslbllity  and 
amplification  factors  is  required  for 


the  effective  design  of  shock  isola¬ 
tion  mechanisms  in  proposed  and  exist¬ 
ing  undersea  weapon  systems.  A  co¬ 
ordinated  effort  of  experimental  and 
theoretical  analyses  provides  the  basis 
for  establishing  torpedo  shock  design 
factors.  By  experimental  validation 
of  theoretical  modeling  for  torpedo 
shock  dynamics ,  a  confidence  level  is 
determined  for  the  theoretical  evalua¬ 
tion  of  proposed  design  modifications 
for  shock  mitigation  in  existing  and 
conceptual  underwater  ordnance. 


INTRODUCTION 

In  order  to  analytically  simulate 
the  dynamic  response  of  a  torpedo  and 
its  internal  components  under  shock 
loading,  physical  properties  of  stiff¬ 
ness  and  mass  must  be  characterized 
for  each  element  or  section  of  the 


structure.  Since  a  complete  torpedo 
configuration  is  composed  of  various 
complex  structural  elements,  analyti¬ 
cal  modeling  presents  a  formidable 
task,  lor  this  reason  the  dynamic 
model  of  a  typical  torpedo  structure 
was  composed  using  the  finite  element 
method.  The  torpedo  hull  is  divided 
into  primary  structural  elements  such 
as  beams  and  plates.  The  internal 
components  are  modeled  as  discrete 
masses  with  spring  mounts.  The  com¬ 
plete  structural  model  is  constructed 
by  coupling  the  various  component 
elements  together  in  the  appropriate 
configuration  with  continuity  require¬ 
ments  enforced  at  the  nodal  points  of 
connection.  An  eigenvalue  analysis  is 
performed  to  determine  the  resonant 
characteristics  of  the  relatively  low- 
order  torpedo  structural  vibration 
modes.  The  analytical  predictions  are 
compared  to  experimental  results  and 
good  agreement  is  exemplified.  Thus,  a 
validated  model  is  provided  as  the 
basis  for  the  prediction  of  transient 
response  under  various  forms  of  shock 
loading . 


THEORETICAL  MODELING  AND  ANALYSIS 

A.  Basic  Description  and  Illus¬ 
tration  of  Finite  Element  Model 

1.  Shell 

In  application  of  the 
finite  element  method  one  of  the  key 
decisions  which  must  be  made  with 
respect  to  the  mathematical  model  con¬ 
cerns  the  amount  of  detail  to  be  in¬ 
cluded  or,  in  other  words,  the  "fine¬ 
ness  of  the  mesh".  The  degree  of 
subdivision  and  the  numbers  of  elements 
and  grid  points  required  to  accurately 
model  an  occurrence  depends  strongly 
on  the  type  of  finite  element  being 
used  in  the  modeling.  Basic  to  the 
mathematical  formulation  of  any  finite 
element  is  the  interpolation  function, 
which  describes  an  assumed  form  for 
the  spatial  variation  of  stress  through 
the  element.  Some  elements  incorpor¬ 
ate  a  linear  stress  variation  and  these 
are  referred  to  as  high-order  elements. 
V/ith  a  linear  variation  in  stress 
through  each  element,  a  rapidly  vary¬ 
ing  stress  distribution  can  be 
accurately  modeled  with  fewer  elements 
than  would  be  necessary  if  constant 
stress  or  lower-order  elements  were 
used.  Accordingly,  high-order  elements 
are  generally  used  in  static  continuum 
mechanics  problems  where  the  spatial 
variation  of  stress  throughout  the 
structure  is  difficult  to  predict,  a 
priori.  However,  in  the  case  of  a 
structural  dynamics  calculation,  the 


use  of  high-order  elements  results  in 
relatively  many  grid  points  and  degrees 
of  freedom,  and  their  use  is  generally 
avoided  for  economy  reasons  in  that 
class  of  problem. 

In  the  modeling  of  a  tor¬ 
pedo  for  shock  and  vibration  analysis , 
the  major  concern  was  accurate  repre- 
sentatiY>n  of  basic  beam  modes  of  the 
structure,  since  the  results  of  pre¬ 
vious  test  series  indicated  that  these 
modes  dominate  the  low  frequency  dy¬ 
namic  response  of  the  torpedo. 
Accordingly,  the  decision  was  made  to 
employ  constant  stress,  linear  dis¬ 
placement  elements  in  the  modeling. 

This  approach  was  consistent  with 
accurate  characterization  of  the  bend¬ 
ing  modes  and  lower  shell  modes ,  yet 
ensured  feasibility  of  the  dynamic 
analysis  on  economic  grounds  through 
limitation  of  the  total  number  of 
degrees  of  freedom  in  the  model. 

Figure  1  presents  a  com¬ 
puter-generated  plot  of  the  finite 
element  model  for  a  torpedo.  The  shell 
is  modeled  with  triangular  and  quadri¬ 
lateral  plate  finite  elements.  These 
elements  Incorporate  a  linear  displace¬ 
ment,  constant  stress  interpolation 
function,  as  mentioned  previously,  and 
have  three  and  fo-ir  node  points  per 
element,  respectively.  Figure  2a 
provides  a  graphic  description  of  the 
individual  elements  and  typical  inter¬ 
polation  functions  for  displacement. 
Each  node  point  for  these  elements  is 
allowed  5  degrees  of  freedom,  including 
three  displacements  and  two  rotations. 
In  general,  the  rotational  degree  of 
freedom  with  vector  direction  perpen¬ 
dicular  to  the  plane  of  the  plate 
element  must  be  constrained  to  be  zero, 
as  shown  in  Fig.  2b,  accounting  for  the 
missing  rotational  degree  of  freedom 
from  the  classical  description  of  a 
particle  in  space.  This  omission  is 
made  necessary  by  the  fact  that  no 
stiffness  term  is  generated  for  the 
in-plane  rotational  degree  of  freedom 
within  the  formulation  of  these 
elements.  However,  in  cases  where  tv/o 
plate  elements  are  joined  together  at 
an  angle,  as  in  Fig.  3,  the  in-plane 
rotational  degrees  of  freedom  along 
the  junction  may  be  left  unconstrained 
due  to  the  fact  that  in-plane  rota¬ 
tional  degrees  of  freedom  for  those 
nodes  become  bending  degrees  of  freedom 
on  the  opposite  element. 

The  complete  shell  model 
including  control  vanes,  damping  vanes, 
internal  bulkheads ,  and  shroud  required 
208  grid  points  (1248  degrees  of  free¬ 
dom)  and  375  plate  elements  for  a 
model  consistent  with  accurate  repre- 


Fi>'.  2h  -  Tvpical  jir id-poir.t  decrees 
of  freedon 


Fig.  3  -  Non-coplanar  plate  finite  element 


sentaclon  of  the  basic  bending  modes 
and  lower  shell  modes.  Since  the 
stiffness  of  a  shell  structure  Is 
obviously  related  to  the  shell  thick¬ 
ness,  full  account  of  the  variation 
in  thickness  along  the  length  of  the 
torpedo  was  taken  In  the  model. 
Furthermore,  the  torpedo  is  a  ring- 
stiffened  shell  structure,  with  many 
stiffeners  and  built-up  sections  along 
the  length.  These  effects  were 
included  in  the  model  through  use  of 
beam  finite  elements.  Figure  4  depicts 
a  beam  finite  element.  Each  beam 
element  has  two  node  points  with  6 
degrees  of  freedom  per  node.  Stiffness 
terms  corresponding  to  bending  in  two 
planes,  tension/compression,  and  tor¬ 
sion  are  generated  within  the  finite 


displacement 
interpolation  functions 

u  -  q^x  +  q2y  +  QjZ  + 

V  •  qjx  +  qgy  +  q^z  +  qg 

w  *  qgx  +  qj^gy  +  qj^^z  + 

Fig.  4  Beam  finite  element  description 


2.  Internal  Components 

Tbe  main  purpose  for 
development  of  the  finite  element  model 
for  a  torpedo  was  to  predict  the  shock 
response  of  the  weapon.  Included  in 
this  prediction  must  be  the  accelera¬ 
tion  levels  seen  by  the  internal  com¬ 
ponents  of  the  vehicle  during  shock 
loading.  Accordingly,  the  internal 
components  were  modeled  using  beams 
and  lumped  masses  having  the  transla¬ 
tional  and  rotary  inertia  properties 
of  the  various  parts.  These  bodies 
were  permitted  the  normal  6  degrees  of 
freedom  of  a  particle  in  space,  three 
translations  and  three  rotations. 

Figure  6  depicts  a  lumped  mass  with 
the  calculations  necessary  to  determine 
the  inertia  properties.  The  component 
models  were  attached  to  the  torpedo 


element  computer  program  for  the  beam 
elements.  The  torpedo  stiffeners  were 
simulated  by  distribution  of  beam 
elements  around  the  shell  circumference 
at  appropriate  points,  as  shown  in  Fig. 


The  torpedo  shell  sections 
were  clamped  together  with  joint  bands. 
These  bands  were  not  included  in  the 
torpedo  model,  based  upon  the  assump¬ 
tion  that,  together  with  the  built-up 
sections  which  they  clamp  together, 
the  bands  form  a  short  region  with 
higher  stiffness  in  both  bending  and 
tension  than  the  basic  shell.  This 
assumption  is  Justified  by  calculations 
of  the  Joint  band  bending  and  tension 
stiffnesses  presented  in  the  Appendix. 


Fig.  5  -  Distribution  of  beam  finite 
elements  around  circumference  of 
shell  model 


shell  model  using  linear  springs,  as 
shown  in  Fig.  7.  The  nose  package, 
control  package,  and  engine  were  model¬ 
ed  using  this  procedure.  Figure  8 
summarizes  the  modeling  procedure  for 
the  engine.  The  tankage  sections  were 
simulated  by  applying  a  distributed 
mass  loading  to  the  plate  finite 
elements  modeling  those  sections,  as 
shown  in  Fig.  9.  It  was  believed  at 
the  outset  of  the  program,  and  verified 
by  the  experimental  results ,  that  this 
approach  to  the  modeling  of  the  inter¬ 
nal  components  would  provide  accurate 
representation  of  the  basic  bending 
modes  of  the  torpedo  and  resulting 
acceleration  levels  to  the  internal 
parts.  The  calculated  acceleration 

levels  could  then  be  used  as  input  for 
a  shock  specification  to  be  met  by 
designers  of  the  actual  components. 


,  .  V  V  --  . 


B.  Mathematical  Composition  of 
Dynamic  Stiffness  Matrix  and  Determin¬ 
ation  of  Eigenfrequencies  and  Eigen¬ 
vectors 


The  natural  frequencies  and 
eigenvectors  for  the  torpedo  model  were 
calculated  using  the  NASTRAN  finite 
element  computer  program.  The  follow¬ 
ing  is  a  brief  description  of  the 
matrix  equations  for  free  vibrations 
of  the  structure: 


[M]  {X}  +  [K]  |X}  =  0 


[M]  =  mass  matrix  for  the 


structure 


[K]  =  structural  stiffness 
matrix 


|x}  =  acceleration  vector 
|x|  =  displacement  vector 


Assuming 


sinut . 


the  mode  shapes  for  free  vibration 
being  substituting  Eq .  (2) 

into  Eq.  (1) , 


-[M] 

[K]  si 


2  , 

smut  + 


inut  =  0 


which  becomes ,  upon  rearrangement  and 
elimination  of  the  sinut  term: 


[[K]  [M]]  =  0 


Equation  (3)  presents  the 
classic  eigenvalue  problem  wherein  a 

non-trivial  solution  exists  only 

for  those  values  of  u  which  result  in 
vanishing  of  the  determinant  of  the 
dynamic  stiffness  matrix. 


[K]  -u^  [M]  =  0 


Those  values  of  u  satisfying 
Eq.  (A)  are  the  natural  frequencies  of 
free  vibration  for  the  system  described 


by  Eq.  (1).  The  solutions  of  Eq . 


(3)  are  the  mode  shapes  associated  with 
those  frequencies. 


Equation  (A)  is  solved  within 
the  NASTRAN  computer  program  using  a 
tridiagonallzation  technique  known  as 
Given  Method  [1]. 


As  described  earlier,  each 
grid  point  in  the  structural  model  has 
generally  6  degrees  of  freedom  in 
space.  In  the  generation  and  assembly 
of  the  master  stiffness  matrix  [K]  by 
the  NASTRAN  program,  each  degree  of 
freedom  must  have  associated  with  it  a 
stiffness  term.  The  torpedo  model  con¬ 
tains  208  grid  points  and  consequently 
1248  degrees  of  freedom.  In  general, 
therefore,  one  would  expect  the  matrix 
[K]  to  be  of  size  1248  x  1248.  In 
actuality,  however,  the  matrix  is 
quite  sparse  with  terms  grouped  near 
the  diagonal  of  the  matrix,  since 
relatively  few  degrees  of  freedom  are 
connected  to  each  other  through 
elements.  This  results  in  a  stiffness 
matrix  similar  to  that  depicted  in 
Fig.  10.  Similar  considerations  hold 
in  the  generation  of  the  structural 
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Fig.  10  -  Stiffness  matrix  with  terms 
grouped  about  the  diagonal 


mass  matrix  [M] .  The  NASTRAN  program 
does  not  compute  mass  moments  of 
(rotary)  inertia  independently  for  a 
model,  and  these  are  usually  negligible 
for  continuous  structures  except  in 
cases  where  large  rotary  masses  actual¬ 
ly  exist  in  the  real  structure.  As 
mentioned  earlier,  rotary  masses  occur 
in  the  modeling  of  the  internal  com¬ 
ponents  of  the  torpedo,  and  these  were 
computed  separately  and  included  in  the 
finite  element  model.  For  the  continu¬ 
ous  segments  of  the  model  (shell, 
stiffeners,  etc.)  a  diagonal  mass 
matrix  was  generated  and  assembled  by 
the  program  based  upon  lumping  of  the 
mass  associated  with  each  element  at 
the  connected  grid  points.  Thus,  as 
shown  in  Fig.  11,  a  quadrilateral  plate 
element  is  divided  into  four  regions, 
and  the  mass  of  each  region  computed 
and  lumped  at  the  nearest  grid  point. 
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Fig.  11  -  Lumping  of  mass  at  grid 
points  in  forming  structural  mass  matrix 

The  Givens  Method  of  triui- 
agonallzation  does  not  permit  the 
inclusion  of  massless  degrees  of  free¬ 
dom  in  the  system  to  be  solved. 
Accordingly,  since  rotary  inertia  terms 
were  not  computed  for  the  continuous 
parts  of  the  model,  the  corresponding 
degrees  of  freedom  (rotations)  were  not 
included  in  the  so-called  solution  set. 
These  degrees  of  freedom  were  omitted 
through  the  use  of  a  static  condensa¬ 
tion  scheme  called  the  Guyan  Reduction, 
In  general,  all  rotational  degrees  of 
freedom  on  the  shell  and  stiffeners 
were  omitted  from  the  solution  set. 
However,  rotational  degrees  of  freedom 
were  retained  for  all  internal  com¬ 
ponents  of  the  torpedo. 


EXPERIMENTAL  ANALYSIS  AND  NUMERICAL 
RESULTS 

A.  Description  of  Experimental 
Configuration,  Instrumentation,  and 
Procedures 


1.  Test  Coiif iguration  and 
Instrumentation 

The  basic  purpose  of  the 
experiment  was  to  identify  the  resonant 
frequencies  and  corresponding  mode 
shapes  for  a  torpedo  configured  in  a 
simulated  stowage  environment.  It  was 
desired  to  perform  the  experiments 
inexpensively  and  in  an  uncomplicated 
fashion.  Figure  12  shows  a  general 
block  diagram  for  the  equipment  used 
during  the  experiments .  The  equipment 
is  divided  into  three  major  groups 
based  on  their  functions:  the  driving 
system  which  provides  the  signals  and 
force  necessary  to  drive  the  carriage; 
the  torpedo  with  vibration  tables  and 
lashing  straps;  and  the  vibration 
measurement  system  consisting  of 
accelerometers,  preamplifiers,  and 
other  signal  processing  and  recording 
instruments.  Each  group  is  discussed 
separately  in  the  following  paragraphs. 


The  drive  system  consisted 
of  three  hydraulic  vibration  generators 
driven  by  sinusoidal  signals  provided 
by  power  amplifiers  and  oscillators. 

The  motion  of  each  vibration  generator 
was  measured  by  a  velocity  transducer, 
and  these  signals  were  fed  to  servo- 
units  which  provided  in-phase  con¬ 
trolled  motion  of  each  generator.  The 
transducers  and  servo  system  were  also 
used  to  provide  a  "motion”  program 
during  frequency  sweeping  operation. 

By  using  this  program  the  table  motion 
could  be  controlled  as  either  constant 
displacement,  velocity,  or  accelera¬ 
tion  throughout  the  frequency  range. 

A  switch-over  from  one  condition  to 
another  could  also  be  programmed  at 

selected  frequencies.  A  frequency 
range  of  5  Hz  to  500  Hz  was  possible 
with  this  system. 


SYNCHRONIZATION  SIGNAL 


I  SERVO 

FEEDBACK 


Fig.  12  -  Block  diagram  showing  general  features  of  the  experimental  setup 
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The  torpedo  and  the  loca¬ 
tion  of  the  vibration  tables  and  lash¬ 
ing  straps  are  all  shown  in  Fig.  13. 

In  the  torpedo  configuration,  the 
warhead  explosive  was  replaced  with  an 
inert  filler  of  the  same  density  and 
the  fuel  tanks  were  filled  with  water. 
Aside  from  these  modifications,  all 
internal  hardware  and  components  were 
the  same  as  an  actual  torpedo.  The 
lashing  straps,  however,  were  of 
different  construction  from  the  types 
used  on  a  submarine,  and  were  more 
flexible.  The  dolly  motion  was  simu¬ 
lated  using  three  vibration  tables 
which  floated  on  an  oil  film  and  were 
driven  horizontally  by  the  hydraulic 
vibration  generators.  The  three 
tables  were  synchronized  to  provide 
in-phase,  horizontal  input  motion  to 
the  torpedo. 

The  instrumentation  system 
measured  the  accelerations  and  mode 
shapes  of  the  torpedo  and  table  system. 
A  total  of  seven  accelerometers  were 
used.  Three  accelerometers  were 


employed  to  measure  the  motion  of  the 
motor  internal  to  the  torpedo.  As 
shown  in  Fig,  13,  these  motor  accelero¬ 
meters  were  mounted  to  measure  axial 
motion  on  each  side  of  the  motor,  and 
to  measure  horizontal  motion  on  the 
starboard  motor  side.  Rocking  motions 
could  be  determined  by  measuring  the 
phase  between  the  axially-oriented 
accelerometers.  Additional  accelero¬ 
meters  were  mounted  on  the  torpedo 
exterior  to  measure  motion  at  the 
torpedo  nose,  midsection,  and  tail. 
These  accelerometers  helped  isolate 
"beam-like"  modes  of  the  torpedo  vibra¬ 
tion  response.  A  hand-held  accelero¬ 
meter  was  pressed  on  the  torpedo  ex¬ 
terior  at  various  locations  to  map  out 
the  modal  motion  in  detail.  The  final 
accelerometer  was  mounted  on  the  middle 
vibration  table  directly  below  the 
accelerometer  on  the  torpedo  mid-sec¬ 
tion.  This  accelerometer  was  used  to 
measure  vibration  transfer  across  the 
lashing  straps,  and  to  provide  a  phase- 
reference  signal.  Figure  13  shows  all 
accelerometer  locations. 


NOSE  ACCELEROMETER 


HORIZONTAL  ACCELEROMETER  AXIAL  ACCELEROMETER  (STARBOARDI 


Fig.  13  -  Top  view  of  torpedo  lashed  to  three  vibration  tables 
showing  accelerometer  locations.  Also  shown  are  the  locations  of  the 
accelerometers  on  the  engine  configuration. 


All  of  the  accelerometers 
were  BBN  type  510,  and  had  a  sensi¬ 
tivity  of  -40  dBV/g.  The  accelero¬ 
meters  weighed  only  28  grams  and  thus 
did  not  load  down  shell  motion  at  the 
frequencies  employed  in  these  tests. 
These  accelerometers  also  had  an 
integrally  mounted  preamplifier  with  a 
low  output  impedance.  This  minimized 
cable  noise  and  crosstalk,  and  made 
the  sensitivity  independent  of  cable 
length. 

Post-accelerometer  instru¬ 
mentation  was  employed  to  amplify, 
filter,  and  display  the  accelerations. 

A  block  diagram  showing  signal  flows 
and  operations  is  shown  in  Fig.  14. 

The  accelerometer  output  voltages  were 
amplified  to  levels  necessary  for  sub¬ 
sequent  conditioning  by  instrumentation 
amplifiers.  The  amplified  voltages 
were  then  fed  to  a  Mechanical  Imped- 
arce/Transfer  Function  Analysis  (M2/ 
TFA)  system  which  performed  two  basic 
functions:  first,  it  provided  10  Hz 
bandwidth  tracking  filters  on  each 
accelerometer  voltages.  This  permitted 
measurements  of  low  signal  levels  by 
increasing  signal-to-noise  ratios. 
Harmonics  produced  by  non-linearities 
in  the  drive  system  and  by  the  torpedo 
response  were  also  attenuated  by  the 
tracking  filters.  Secondly,  the  MZ/ 

TFA  system  was  able  to  accurately 
measure  the  phase  between  the  funda¬ 
mental  components  of  any  two  accelero¬ 
meters.  Amplitude  and  phase  results 
were  displayed  on  front  panel  meters. 


In  order  to  synchronize 
the  tracking  filters,  a  signal  at  the 
frequency  of  the  drive  signal  and 
between  1.0  and  1.2  volts  (rms)  was 
required.  This  signal  was  supplied 
by  the  drive  system  oscillator,  and 
fed  through  an  automatic  level  regula¬ 
tor  acting  in  a  voltage  leveling  mode. 
This  level  regulator  kept  the  voltage 
output  constant  at  1.1  volts  despite 
fluctuations  at  the  input.  Unfortu¬ 
nately,  synchronization  of  the  remain¬ 
der  of  the  M2/TFA  system  was  not 
possible  at  the  time  these  experiments 
were  performed.  Because  of  this, 
several  convenient  features  such  as 
differentiation  of  displacements, 
input-output  ratio,  and  phase  plotting 
could  not  be  used.  Quantities  were 
recorded  manually. 

2.  Experimental  Procedure 

A  swept-sine  procedure  was 
employed.  Several  preliminary  sweeps 
from  low  to  high  frequency  were  made  to 
isolate  the  resonant  frequencies  of  the 
torpedo.  Both  motor-  and  shell-mounted 
accelerometers  were  monitored. 

The  usable  frequency  range 
was  limited  at  the  low  end  to  about  7 
Hz.  Although  the  drive  system  was 
capable  of  5  Hz,  a  severe,  "rocking" 
resonance  at  7  Hz  interferred  with  the 
servocontrol  system,  producing  unstable 
operation  below  this  frequency.  The 
upper  limit  of  the  usable  frequency 
range  was  determined  by  poor  signal-to- 
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Fig.  15  -  Results  of  sine-sweep  tests  showing  the  motor 
accelerations  compared  to  the  mid-carriage  accelerations 
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frequency  until  a  maximum  acceleration 
was  obtained.  A  fixed  accelerometer 
with  an  adequate  signal  was  selected  as 
a  phase  reference.  Then  the  magnitude 
and  phase  of  accelerations  along  the 
torpedo  shell  were  measured  and  record¬ 
ed.  The  general  mapping  procedure  was 
a  tracing  along  the  length  of  the  tor¬ 
pedo  with  several  circtomferential  trac¬ 
ings  at  interesting  locations.  Enough 
measurements  were  taken  to  map  out  the 
vibration  field  satisfactorily  (general¬ 
ly  about  50  points) .  This  procedure 
could  not  be  used  for  internal  com¬ 
ponent  monitoring.  Hence,  the  only 
motion  monitored  was  the  fixed  accel¬ 
erometers  on  the  forward  part  of  the 
engine. 


B.  Illustration  and  Discussion 
of  Experimental  Results 

1.  Resonant  Frequencies 

The  results  of  the  swept- 
sine  tests  are  shoim  in  Figs.  15  and 
16.  Figure  15  presents  the  magnitude 
and  phase  of  motor  motion,  and  Fig.  16 
presents  the  magnitude  and  phase  of  the 
torpedo  shell  motion.  All  acceleration 
magnitudes  are  normalized  to  the  middle 
vibration  table  phase.  Magnitudes  are 
plotted  in  decibels.  The  results  are 
plotted  as  functions  of  frequency.  The 
points  represent  values  calculated 
from  voltmeter  readings. 


Fig.  16  -  Results  of  sine-sweeps  tests.  Torpedo  shell 
accelerations  compared  to  midcarriage  accelerations 
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Aside  from  the  normal 
calculation  accounting  for  accelero¬ 
meter  sensitivity  and  the  amplifier 
ains,  the  effect  of  the  crossover 
rom  constant  acceleration  motion  to 
constant  displacement  motion  had  to  be 
properly  figured.  Above  the  crossover 
frequency,  a  simple  ratio  of  magnitudes 
sufficed.  However,  below  the  crossover 
frequency,  the  table  accelerations  were 
calculated  according  to  the  equation ; 

a^  =  (f/fc)^a^  (5) 

where  a^  =  the  table  acceleration 

f  =  the  frequency 

f^  =  the  crossover  frequency 

a  =  the  table  acceleration 

at  the  crossover  frequency 

For  the  data  presented,  a  =  1.2  g 
(peak)  and  f  =  A8.4  Hz.  This 
corresponds  ‘^to  a  displacement  of 
0.025A  cm  (peak-to-peak) .  The 


accelerations  calculated  from  this 
equation  were  compared  to  the  acceler¬ 
ations  measured  on  the  middle  vibration 
table  and  they  agreed,  as  shown  in 
Fig.  17.  No  correction  was  necessary 
for  the  phase  measurements,  since  all 
phase  angles  were  measured  with  respect 
to  the  middle  vibration  table  accelero¬ 
meter. 

All  told,  five  natural 
modes  were  Identified  experimentally  in 
the  frequency  range  of  S  Hz  to  200  Hz. 
The  frequencies,  names,  and  brief 
descriptions  of  these  motions  are 
listed  in  Table  1.  A  description  of 
the  measurements  and  identification 
process  follows  for  each  of  the  modes. 

No  measurements  were 
possible  in  the  5  Hz  to  9  Hz  frequency 
range  because  of  a  violent,  rocking- 
type  resonance  about  7  Hz.  It  was 
Impossible  to  control  carriage  motion 
in  this  range  and  no  measurements 
could  be  taken  safely.  However,  visual 
observation  from  an  adjoining  control 
room  was  possible  for  brief  periods. 
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SUMMARY  OF  RESONANT  CHARACTERISTICS  FOR 
TORPEDO  ON  SIMULATED  DOLLY 


(Hz) 

NAME  FREQUENCY  DESCRIPTION 


STRAP 

7 

RIGID  BODY  TYPE  TORPEDO  MOTION; 

LASHING  STRAP  STRETCHING 

MOTOR 

25.5 

TORPEDO  FLEXURE,  LARGE  MOTOR  MOTION, 
HIGH  DAMPING 

BEAM 

44.2 

TORPEDO  FLEXURE;  2  NODES;  LITTLE  MOTOR 
MOTION;  LOW  DAMPING 

BEAM 

115.0 

SAME  AS  ABOVE;  3  NODES 

BEAM 

188.0 

SAME  AS  ABOVE;  4  NODES 

From  this  observation  it  appeared  that 
the  resonance  involved  rigid  body 
motion  (translation  and  rotation  about 
the  longitudinal  axis)  of  the  torpedo 
combined  with  stretching  of  the  lash¬ 
ing  straps. 

The  first  appearance  of 
resonant  motion  above  this  frequency 
was  a  highly  damped  resonance  at  about 
25.5  Hz.  This  resonance  was  not 
particularly  apparent  either  visually 
or  on  voltmeter  readings.  Probably, 
two  reasons  caused  this.  First  was 
the  high  damping  which  limited  the 
resonant  motion  and  the  sharpness  of 
the  resonance.  Secondly,  since 
accelerometers  were  monitored  during  a 
constant  displacement  sine-sweep,  a 
bias  proportional  to  the  frequency 
squared  was  present.  This  further 
obscured  any  peaking.  The  basic  clue 
to  the  presence  of  the  resonance  is 
the  90°  phase  shift  between  motor 
acceleration  and  carriage  acceleration 
as  seen  in  Fig.  15.  Furthermore,  above 
25.5  Hz,  the  motor  response  decreases 
at  a  rate  of  40  dB  per  decade. 

The  motion  at  this  reso¬ 
nance  involves  motor  and  call  motions 
of  approximately  equal  magnitude  but 
opposite  phases.  The  motion  at  the 
torpedo  nose  is  about  the  same  magnitude 
and  in  phase  with  the  tail.  Also,  Che 
axial  motion  of  Che  motor,  although 
low,  peaks  near  this  frequency.  Axial 
accelerations  on  the  motor  were  so  low 
that  a  reliable  phase  comparison  be¬ 


tween  the  axially  mounted  accelero¬ 
meters  was  impossible.  Hence,  a 
measurement  of  the  "rocking"  component 
oi  motor  motion  was  not  made.  A  curious 

feature  of  the  motion  is  the  sharp  null 
in  horizontal  acceleration  at  the  mid- 
section.  An  illustration  of  the  motion 
is  shown  in  Fig.  18a.  Since  torsional 
motion  is  not  measured  by  the  accelero¬ 
meters,  it  may  also  be  present.  No 
mapping  of  the  motion  by  the  hand-held 
accelerometer  was  done.  The  percentage 
of  critical  damping  was  estimated  from 
the  slope  of  Che  phase  curve  to  be 
approximately  100%.  This  large  damping 
could  arise  from  the  rubber  motor 
mounts  and  flexible  coupling. 


The  remaining  three 
resonances  that  were  discovered  are 
apparent  as  peaks  in  the  torpedo  shell 
frequency  response,  Fig.  16.  The 
resonant  frequencies  were  44.2  Hz, 

115  Hz,  and  188  Hz,  and  each  was  a 
higher  order  motion  Involving  the 
entire  torpedo  in  flexure.  Hence,  they 
were  named  "beam"  modes.  Each  of 
these  modes  was  carefully  mapped  out 
using  the  hand-held  accelerometer.  The 
results  of  the  mapping  are  plotted  in 
Figs.  18b,  18c,  and  lod.  Each  mode 
was  Quite  peaked,  indicating  a  rela¬ 
tively  small  loss  factor.  By  measuring 
the  "1/2-power"  points  on  the  response 
curves,  the  percentage  of  critical 
damping  was  estimated  to  be  67.,  7%, 
and  5%,  respectively. 
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TORPEDO  HORIZONTAL  MOTION 
ENGINE  horizontal  MOTION 


THEORETICAL  RESONANCE  AT  1W.2  cm 


Fig.  18d  -  Experimental  and  theoretical  resonance  -  beam  motion  of  hull 


Above  200  Hz,  several 
peaks  were  noticed  during  frequency 
sweeps.  llov;ever,  acceleration  levels 
were  low  and  signai-to-noise  ratios 
were  poor.  Since  these  higher  fre¬ 
quency  modes  would  not  presumably 
affect  the  torpedo's  shock  response 
significantly,  a  detailed  mapping  or 
identification  of  these  modes  was  not 
attempted . 

C.  Correlation  of  Finite  Element 
Analysis  with  Experimental  Results 

1.  Compliance  of  Mounts 

In  the  initial  prediction 
of  modes  and  resonant  frequencies ,  the 
degree  and  nature  of  the  constraints 
imposed  by  the  carriage  configuration 
in  the  experiment  was  under  consider¬ 
able  question.  Thus,  the  finite 
element  eigenvalue  analysis  was  per¬ 
formed  assuming  negligible  external 
constraint  upon  the  displacement  field. 
In  addition  to  rigid  body  modes,  this 
condition  provided  the  free-free  modes 
and  frequencies  of  torpedo  vibration. 

By  the  indicated  low  experimental 
frequency  of  rocking  and  translatory 
motion  (Table  1) ,  and  the  subsequent 
comparison  of  theory  and  experiment, 
the  unconstrained  condition  was  deter¬ 
mined  to  be  an  excellent  representation 
in  regard  to  characterizing  the  normal¬ 
ized  modes  and  frequencies  of  the 
torpedo  as  they  occurred  in  the 
experimental  configuration.  It  is 
noted  that  for  an  unconstrained  con¬ 
figuration,  the  eigenvalue  analysis 
predicts  both  horizontal  and  vertical 
modes  of  vibration  which  differ  slight¬ 
ly  due  to  minor  magnitudes  of  struc¬ 
tural  asymmetry.  However,  the  limita¬ 
tion  to  horizontal  excitation  in  the 
experiment  resulted  in  appearance  of 
only  horizontal  modes  in  the  frequency 
response  spectrum.  Thus,  the  compari¬ 
son  of  results  is  presented  in  terms 
of  horizontal  mode  shapes  and  frequen¬ 
cies  . 

In  addition,  the  magnitude 
of  the  spring  constants  for  proper 
representation  of  the  motor  mounts  was 
determined  to  be  a  critical  parameter 
in  the  analysis  of  torpedo  vibration. 
Since  the  mass  of  the  motor  is  sizeable, 
the  stiffness  of  the  attachment  to  the 
hull  has  a  major  Influence  upon  modes 
and  frequencies  of  vibration.  For 
this  reason  static  and  dynamic  tests 
were  performed  on  an  afterbody  equiva¬ 
lent  to  that  used  in  the  full  vehicle 
test  configuration.  Static  deflection 
tests  were  performed  by  boring  holes 
through  the  hull  to  provide  access  for 
leading  probes.  Dynamic  shaker  tests 
were  then  conducted  to  determine  the 


fundamental  mode  and  frequency  of 
motor  vibration.  Subsequently,  the 
finite  element  eigenvalue  analysis  was 
exercised,  with  the  motor  mount  spring 
constants  determined  by  the  static 
experimental  test.  Excellent  results 
in  the  agreement  of  theory  and  experi¬ 
ment  were  obtained,  and  validation  of 
the  afterbody-motor  portion  of  the 
theoretical  model  was  achieved  for  an 
isolated  configuration.  Unfortunately, 
due  to  the  inaccessability  of  the  motor 
in  the  complete  torpedo  configuration, 
measurement  of  the  motor  mount  compli¬ 
ance  was  not  possible.  With  the  lack 
of  any  alternative,  the  mount  stiff¬ 
nesses  measured  in  the  isolated  after¬ 
body  and  motor  assembly  were  adjusted 
in  magnitude  to  provide  reasonable 
agreement  of  the  fundamental  motor 
resonance  in  the  finite  element  model 
of  the  full  vehicle  test  configuration. 
It  is  noted  that  wear  and  fatigue 
imparted  to  the  full  vehicle  during 
prior  range  exercises  are  possible 
sources  of  error  in  the  structural 
equivalence  of  the  two  motor  mount 
assemblies . 

2.  Discussion  of  Results 

The  finite  element  eigen¬ 
value  analysis  predicted  mode  shapes 
and  frequencies  for  both  horizontal  and 
vertical  plane  vibration.  Horizontal 
and  vertical  modes  were  obtained  with 
similar  forms,  but  slightly  different 
frequencies,  since  the  torpedo  contains 
Internal  equipment  rails  that  are 
mounted  horizontally  along  the  interior 
of  the  hull  and  act  as  stiffening 
members.  By  the  comparison  of  theory 
and  experiment,  it  was  concluded  that 
the  additional  stiffness  due  to  the 
equipments  rails  is  a  negligible 
quantity  which  leads  to  nearly  identi¬ 
cal  horizontal  and  vertical  plane  mode 
shapes.  In  addition,  torsional  and 
axial  resonances  were  predicted  by  the 
analysis.  Since  the  torpedo  was 
excited  experimentally  only  in  the 
horizontal  plane,  the  comparison  of 
theory  and  experiment  is  made  solely  on 
the  basis  of  transverse  motion.  The 
comparison  of  theoretical  and  exneri- 
mental  mode  shapes  and  frequencies  is 
Illustrated  in  Figs.  18a  through  18d. 
Fig.  18a  shows  the  experimentally  -and 
theoretically  determined  frequencies 
for  motor  resonant  response.  The 
finite  element  grid  points,  200  and 
201,  are  essentially  at  the  same 
location  as  the  forward  and  aft  accel¬ 
erometers  on  the  motor  in  the  experi¬ 
mental  test  configuration.  Thus,  the 
motion  of  the  motor  shown  experimental¬ 
ly  (dashed  line)  is  compared  to  the 
line  connecting  node  points  200  and  201 
in  the  element  grid.  The  agreement  in 
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the  frequency  of  resonance  represents 
that  obtained  by  a  step  correction  of 
the  stiffness  of  the  motor  mounts  in 
the  finite  element  model.  The  lack  of 
exact  knowledge  concerning  the  condi¬ 
tions  and  properties  of  the  motor 
mounts  in  the  complete  torpedo  con¬ 
figuration  led  to  disparity  of 
theoretical  and  experimental  motor 
resonances.  Thus,  the  single  step 
correction  of  mount  stiffness  was  made 
to  provide  improved  agreement. 

Figures  18b-18d  show  the 
comparison  of  theory  and  experiment  for 
remaining  modes  of  vibration.  It  is 
seen  that  the  modes  are  essentially 
free- free  type  beam  modes.  Although 
the  theoretical  frequencies  generally 
tend  to  be  higher  than  those  observed 
in  the  test  configuration,  the  mode 
shapes  are  in  excellent  agreement.  The 
high  values  of  frequency  are  expected 
since  the  breakdown  into  finite 
elements  produces  a  relatively  "stiff" 
structural  model.  A  refinement  of  the 
element  size  in  addition  to  a  more 
accurate  specification  of  both  motor 
mount  and  equipment  mount  stiffnesses 
would  improve  the  results.  However, 
in  regard  to  low-frequency  shock  load¬ 
ing,  the  current  characterization  is 
viewed  to  be  an  adequate  representa¬ 
tion  In  order  to  produce  reasonable 
estimates  of  response. 

CONCLUSIONS 

A  finite  element  model  of  a 
torpedo  vehicle  was  assembled  in  order 
to  facilitate  the  study  of  shock- 
loaded  response.  The  investigation 
presented  in  this  paper  provides  a 
basic  phase  in  the  validation  of  the 
model.  By  comparison  of  the  theoreti¬ 
cal  and  experimental  results,  it  is 
shown  that  the  model  is  capable  of 
predicting  resonant  mode  shapes  ex¬ 
hibited  by  an  actual  torpedo  configur¬ 
ation.  The  overall  agreement  between 
theory  and  experiment  is  excellent. 

The  structural  stiffness  and  damping 
of  the  motor  mount  assembly  are  criti¬ 
cal  parameters,  since  the  mass  of  the 
motor  is  a  sizeable  quantity.  Thus,  a 
refinement  of  the  stiffness  matrix 
for  the  motor  mounts,  based  upon  more 
detailed  experimental  information, 
would  improve  the  agreement  between 
theory  and  experiment.  In  general, 
the  prediction  of  the  response  of 
masses  internal  to  the  hull  requires 
detailed  knowledge  of  the  mounting 
characteristics.  VMthin  the  limita¬ 
tions  of  the  current  .study,  the  pre¬ 
diction  of  resonant  characteristics 
with  a  reasonable  level  of  confidence 
is  demonstrated,  and  the  basis  for 
shock  re.sponse  simulation  is  formulated. 
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APPENDIX 

Calculation  of  Bending  and  Tension 
Stiffness  For  Torpedo  Joint  Bands 

The  method  used  in  the  calcula¬ 
tion  of  these  stiffness  terms  was 
originally  developed  and  presented  in 
Ref.  2. 

Tension  Stiffne s s 


The  basic  assumption  in  this  cal¬ 
culation  is  that  the  joint  bands  are 
lubricated  so  that  tensile  loading  on 
the  joint  results  in  expansion  of  the 
band  diameter  and  thus  sliding  of  the 
band  up  the  inclined  planes  provided 
by  the  band  seat ,  as  shown  in  Figure 
A-1. 


Tensile  loading  produces  an  axial  dis¬ 
placement  of  the  mating  surfaces,  u, 
which  is  uniform  around  the  circum¬ 
ference.  The  change  in  radius  of  the 
band,  a  r,  results  in  circumferential 
strain  in  the  band. 


E 
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A_r 
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tan* 


For  the  bands , 


_  u 

Hi 


“  2  tan  ^ 

-  1  y 

2  tan  *  r 

E  u  +  2P 

®c  ”  2  r  tan  *  5^  ’ 

where : 

E  is  the  Young's  modulus  of 
the  band  material 
r  is  the  radius  of  the  band 
P  is  the  preload  on  the  clamp 
band  bolts 

A,  is  the  cross-sectional  area 
of  the  band 

This  stress  distribution  may  now 
be  integrated  to  find  the  force  distri¬ 
bution  on  the  band.  In  particular, 
equilibrium  of  one-half  of  the  band  can 
be  considered,  as  in  Fig.  A-2. 


2  F/sin  *  sin  e  ds  *  2a ^  A^ 

where  F  is  the  force  per  unit  length 
of  band  which  is  constant  by  symmetry 
for  the  tension  case. 

ds  =  r  d  0 

2a  A.  =  2  F  r  sin  ♦ 
c  D 

E  u  +  ^ 

“c  *  2  r  tan  *  Aj^ 

EA|j  u  +AP  =  2Frsin* 
r  tan  * 

EA.  u  4P 

F  -  - P -  +  - 

2  r  tan  *  sin  *  2  r  sin  * 

It  therefore  follows  that  the 
spring  constant,  k,  for  the  clatiip  band 
Joint  Is; 

.  _  ^  2irr 


E  -  10.5  X  10®  psi  (7.24  x  10“ 
dyn/cm^) 

~  .985  inZ  (6.35  cm^) 

r  -  10.5  in  (26.67  cm) 

♦  •  15° 

k  -  4.5  X  107  ib/in  (7.88  x  10“ 
dyn/cm) 

Using  an  average  shell  thickness 
of  0.4  Inches  (1.02  cm)  for  the 
torpedo,  the  extensional  spring 
constant  for  the  shell  is: 

ksheii  “  AE/L;  L-230  in  (584.2  cm) 

-  1.23  X  10®  Ib/in  (2.15  x 

10“  dyn/cm) 

Thus  the  clamp  band  joints  are 
stiffer  in  tension  than  the  torpedo 
shell,  and  neglecting  their  effect 
is  therefore  justifiable. 

A  similar  development  for  bending 
at  the  clamp  band  joints  yields; 

3  (AA^^Er) 

bending  2  (4+ir)  tan^  * 

.  - - — 

(4+ir)  tan  * 

-  1.27  X  10’  in.-lb/rad 
(1.43  X  10“  dyn-cm/rad) 

For  the  torpedo  shell,  bending 
stiffness  is; 

•"bending  of  shell  °  S(^)^i^irder 
of  (  ) 

=  0(7.0  X  107) ^ 
(7.9  X  10“ 
dyn-cm/rad) 


Thus  the  bending  stiffness  of  the 
clamp  band  joints  will  be  a  minimum  of 
one  order  of  magnitude  greater  than  the 
bending  stiffness  of  the  torpedo  shell, 
and  their  effect  can  therefore  be 
neglected,  since  the  region  of  influ¬ 
ence  is  very  small. 


LAGUERRE  FUNCTION  REPRESENTATION  OF  TRANSIENTS 


G.  R.  Spalding 
Wright  State  University 
Dayton,  Ohio 


This  paper  discusses  Laguerre  functions  and  their  use  in 
modeling  the  dynamic  response  of  highly  daunped  systems. 
Laguerre  functions  of  varying  time  constant  are  generated 
from  the  Laguerre  polynomials.  By  sampling  at  the  axis 
crossings  of  the  n^h  order  Laguerre  polynomial,  system 
response  can  be  represented  by  a  finite  set  of  orthonor¬ 
mal  vectors.  These  vectors  provide  both  a  representation 
that  is  exact  at  the  measurement  points  and  interpolation 
functions  that  cam  be  suited  to  the  application. 


INTRODUCTION 

This  paper  presents  an  introductory 
discussion  of  the  Laguerre  polynomials 
and  their  application  to  modeling  the 
dynaimic  response  of  systems.  These 
polynomials  are  particularly  well  suited 
to  highly  daunped  motions.  Further, 
because  they  obey  a  summation  as  well  as 
an  integral  orthogonality,  they  are  an 
ideal  means  of  representing  measured 
response  data.  In  so  doing  they  provide 
the  measurement  locations,  as  well  as 
flexibility  both  in  the  weighting  of 
measurement  points  and  in  the  form  of 
the  expansion  functions. 

The  Laguerre  polynomials  are  a  spe¬ 
cial  case  of  the  Jacobi  polynomials,  as 
are  the  Chebyshev,  and  as  such  enjoy 
many  of  the  computational  advantages  of 
this  class  of  functions.  Although  they 
have  been  a  part  of  the  literature  of 
theoretical  physics  for  nearly  a  century, 
they  were  given  particular  engineering 
significance  in  the  nineteen  thirties 
when  Lee  [l]  demonstrated  that  they 
could  be  generated  by  conventional  ana¬ 
log  circuits.  In  the  early  nineteen 
fifties,  Wiener  [2]  brought  them  to 
prominence  with  his  work  on  the  synthe¬ 
sis  of  nonlinear  systems.  Since  that 
time  they  have  received  little  attention 
from  the  engineering  community. 

The  application  that  prompted  the 
writer’s  initial  use  of  the  Laguerre 
polynomials  was  the  identification  of 
time-varying  coefficients  in  second- 
order  models.  A  simplified  form  of  such 


a  model  is 
2 

^  +  B(t)  ^  +  u  =  f (t)  .  (1) 

dt2 

This  can  be  converted  to  an  integral 
equation  [3]  having  the  form 

u(t)  -  g(t) 

=  I  U(T)  ^[g(T,t)6(T)]dT  ,  (2) 

where  0(t)  is  to  be  estimated  on  the 
basis  of  completely  accurate  measure¬ 
ments  made  upon  u(t).  The  function 
g(T,t)  is  known.  If  u(t)  is  measured  at 
N  points  in  time,  it  can  be  represented 
exactly  as 

«(Ti)  =  i  ,  (3) 

n=o 

where  the  are  the  measurement  points 
and  correspond  to  the  roots  of 

'(•n(t)  =  0  .  <<) 

and  the  are  a  set  of  Laguerre  func¬ 

tions.  It  is  these  functions  that  this 
paper  discusses. 


THE  LAGUERRE  FUNCTIONS 

The  Laguerre  polynomials  are  a  com¬ 
plete  set  of  functions,  orthonormal  over 


representing  a  measured  function,  f(t), 
only  a  finite  expansion  can  be  obtained, 
based  on  knowledge  of  f (t)  at  a  finite 
number  of  discrete  values  of  t.  The 
proper  reference  for  such  data,  whether 
temporal  or  spatial,  is  a  finite¬ 
dimensional  vector  space,  rather  than  a 
truncated  infinite-dimensional  function 
space.  Either  the  Ln(t)  or  the 
can  be  used  to  construct  such  a  space. 

As  an  example,  a  four-dimensional 
space  will  be  generated  using  the 
Using  equation  (13)  and  defining 
^-l(t)  =  0,  the  first  four  recurrence 
relations  are 


((.j^(t)  =  (l-t)<(.o(t) 

2*2  (t)  =  (3-t)(j.^(t) 
34>j(t)  =  (5-t)<>2(t) 


(16) 

-  2(|.^(t) 


4((.4(t)  =  (7-t)*3(t)  -  3^2(t)  . 


Restricting  t  to  the  discrete  values  t^ 
where  tf  are  the  roots  of  ^4 (t) ,  namely. 


4i4(t^)  =  0  ,  (17) 

the  recurrence  relations  in  matrix  form 
are 


-1 

0 

0 


-1 

-2 

0 


0 

-2 

5-4 

-3 


0 

0 

-3 


7-4 


^0<4> 

♦1(4) 

*2^4^ 

♦3(4) 


0  . 


(18) 


The  ti  are  the  eigenvalues  of  the  square 
matrix,  and  the  (n  =  0,l,2,3)  are 

the  corresponding  eigenvectors.  The 
symmetry  of  the  square  matrix  assures 
the  orthogonality  of  the  vectors. 

In  general,  the  coordinates  of  an 
N-dlmenslonal  vector  space  are 

'>0<4)'4^4^'"''*N-1*4^  ' 


M  = 


L^l^N-l^^l* 


1n'*’n-i^4j4 


(21) 


For  symmetric  matrices, 

mm’’  =  -  I  ,  (22) 

where  m’'  is  the  transpose  of  M.  Using 
(22)  produces  the  summation  (or  dis¬ 
crete)  orthogonality  relationships 


N 

1 

k=l 


=  1 
=  0 


n=m 
nf<m  . 


(23) 


Thus,  if  f(t)  is  measured  at  N  dis¬ 
crete  times,  ti,  and  represented  by 

N-1 

f(t.)  =  I  4*n<4>  '  ‘24) 

n=o 


the  bn  are  obtained  from 

bn  =  Xi  ^‘4>'<’n‘4>  •  ‘25) 


Four  points  are  emphasized  as  a 
result  of  this  development: 

1.  The  use  of  the  sample  times  ti 
assures  Independent  measurements. 

2.  The  concepts  presented  hold  not 

only  for  the  ^n(^)  im(t)  but 

also  for  more  general  Laguerre  functions 
that  will  be  presented  below. 

3.  The  integrations,  generally  used 
to  evaluate  coefficients,  are  replaced 
by  simple  summations. 

4.  The  representation  of  f(t),  at 
the  measurement  points,  is  exact. 


VARIABLE  WEIGHTING 


where  the  ti  are  the  N  roots  defined  by 
<»i^(t^)  =  0  .  (19) 

The  coordinate  vectors  are  normalized  by 


,  N-1  , 

't  I  •«  >*»'  ■  1 

n»o 


(20) 


Referring  to  equations  (24)  and 
(25) ,  it  is  apparent  that  the  X]c^  act 
to  weight  the  measured  values.  For 
example.  Figure  3a  shows  the  weights  for 
the  L4(ti)  kO  system.  As  this  system 
exhibits  increasing  an^litude  with  time, 
the  weighting  decreases  with  time.  In 
contrast  the  functions  associated  with 
the  ^4(ti)  >0  system  decrease  with  time, 
and  thus  the  weighting  increases  with 
time,  as  shown  in  Figure  3b. 


This  yields  the  orthonormal  modal  matrix 
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amplitude 


Amplitude  vs  Time  for  a  Pulse  and  Two  Representations 
Figure  4 


The  distribution  of  weights  can  be 
controlled  by  incorporating  various 
portions  of  the  exponential  weighting 
into  the  expansion  functions.  Defining 


=  L„(t)e^ 


the  orthogonality  condition  is 


f® 

i|'„(t)i|»_(t)e^''dt  =  1  m=n 

=  0  m/n  .  (27) 


where 


2a  +  6  =  -1  • 


of  ♦n(t)  (a=-.5)  and  then,  for  contrast, 
by  a  four-term  expansion  of  Ln(t)  (a=0). 
The  results  are  shown  in  Figure  4.  Both 
approximations  are  exact  at  the  four 
measurement  points.  The  ^{t)  expansion 
provides  good  interpolation  between 
points;  the  Ln(t)  interpolation  is  very 
poor. 


CCMJCLUSIONS 

It  is  important  to  note  that  the 
Laguerre  functions  are  not  suited  to 
pulses  containing  lightly  damped  oscil¬ 
lations.  The  representation  of  such 
functions  would  require  an  excessive 
number  of  terms  in  the  series.  In  such 
cases,  high  frequency  vibrations  can 
often  be  separated  from  the  basic  pulse 
and  modeled  separately. 


The  weights  associated  with  an  a  of  -.4 
are  presented  in  Figure  3c. 

The  a  exponent  not  only  varies  the 
weighting  but  also  changes  the  form  of 
the  expansion  functions.  The  expansions 
will  always  be  exact  at  the  measurement 
points,  but  interpolation  between  points 
will  depend  upon  the  a  value.  To  illus¬ 
trate,  the  response  of  the  system 


was  represented  by  a  four-term  expansion 


It  is  also  necessary  to  adjust  the 
time  scale  of  the  functions  to  be  repre¬ 
sented  to  coincide  with  the  scale  of  the 
expansion  functions.  When  using  the 
interpolation  property,  it  is  particu¬ 
larly  important  to  match  the  time  con¬ 
stant  of  the  problem  to  that  of  the 
expansion  functions. 

Finally,  although  the  complete  solu¬ 
tion  of  the  problem  raised  in  the  Intro¬ 
duction  is  outside  the  scope  of  this 
paper,  the  use  of  the  Laguerre  functions 
in  obtaining  the  solution  can  be 
indicated. 
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The  integral  in  equation  (2)  can  be 
approximated  to  an  arbitrarily  high 
degree  by  a  Gauss-type  quadrature  for¬ 
mula  based  on  the  Laguerre  polynomials 

[43#  i.e*# 

(00 

u(t)  {^[g(T,t)6  (t)  ]}dT 

9 

N  *  , 

»  I  u(T,^){^[g(T,t)6(T)]}  .  (29) 

k-1  T=T^ 

If  equation  (3)  is  put  into  the  right- 
hand  side  of  (29),  then  equation  (2) 
becomes 

u(t)  -  g(t) 

n=o  k=l 

(30) 

The  inner  sum  of  (30)  is  the  discrete 
Laguerre  transform  of  the  quantity  in 
braces  (see  equations  24  and  25) .  Thus, 
designating 

J,  ♦n<^k){^[^<^''^>e(T)]}  =  K„(t)  , 

JC“1  T“Tv 

(31) 

the  inverse  transform  is 


,  N-1 

{|j:[g(T,t)B(T)])  =  I  K^(t)0n(T^) 

T=Tu  n*o 


(32) 


Equation  (30)  is  now 

N-1 

u(t)  -  g(t)  *  [  a  K  (t)  .  (33) 

n=o 

This  equation  can  be  solved  for  Kn(t) 
because  g(t)  is  known  and  u(t)  is 
measured.  The  Ajx  are  the  expansion 
coefficients  of  u(t).  Once  the  Kn(t) 
are  known,  they  are  used  in  equation 
(32),  which  can  then  be  solved  for  B(t). 

The  Important  point  is  that  use  of 
the  Laguerre  polynomials,  particularly 
for  highly-damped,  sampled  data,  pro¬ 
vides  a  discrete  approach  which  is  high¬ 
ly  accurate  (for  the  number  of  samples) 
and  computationally  simple. 
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